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ABSTRACT 
   
Pumpkins (Cucurbitae spp.) are grown throughout the world for human food, animal feed, and 
decoration. Approximately 680 million kg of pumpkins are produced in the United State every 
year. Illinois is the leading state in pumpkin production. Bacterial spot, caused by Xanthomonas 
cucurbitae, has become an important threat to pumpkin production in Illinois. This study was 
conducted to assess occurrence of bacterial spot in Illinois, and pathogenic and genetic variation, 
host range, and seed transmission of X. cucurbitae. During 2009-2011, development of bacterial 
spot was monitored in commercial pumpkin fields. Symptoms of the disease were observed on 
leaves from 4-leaf growth stage until harvest. Three types of lesions were observed on leaves, 
which were described as Type I (1 mm, brown necrotic lesion), Type II (4 to 8 mm, translucent 
lesion), and Type III (1 to 4 mm, brown necrotic) lesions. Lesions on fruit were 0.5 to 1 mm in 
diameter, sunken with a beige center and a yellow halo. To determine incidence of bacterial spot 
of fruit, 17, 50, and 65 commercial fields were surveyed in 2009, 2010, and 2011, respectively. 
The symptomatic pumpkins were observed in 100, 80, and 88% of the fields in 2009, 2010, and 
2011, respectively. A total of 1,324 bacterial isolates were collected from affected leaves and 
fruit, of which 964 (73%) were identified as X. cucurbitae. Sixty two isolates of X. cucurbitae 
were tested for pathogenic variation, and significant (P = 0.001) difference was found in 
virulence among the isolates. Genetic variation among 75 X. cucurbitae isolates was studied, 
which resulted in grouping the isolates in four distinct clusters. Fifty plant spices in the family of 
Amaranthaceae, Brassicaceae, Chenopodiaceae, Cucurbitaceae, Gramineae, Leguminosae, 
Liliaceae, Malvaceae, Purtulaceae, Solanaceae, and Umbelliferae were tested in a greenhouse for 
infection by X. cucurbitae. All of the plant species in Cucurbitaceae family developed symptoms 
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and X. cucurbitae was isolated from the lesions. None of the species from other plant families 
developed symptoms. In another study, 89 USDA accessions of pumpkin and squashes 
(Cucurbitae pepo) were tested for their susceptibility to X. cucurbitae in a greenhouse. Bacterial 
lesions developed on leaves of all tested accessions, but there was significant (P = 0.001) 
difference in symptom severity on leaves among the accessions. In 2012, nine of the USDA 
accessions and 17 commercially grown cultivars of pumpkin were tested for their susceptibility 
to X. cucurbitae in a field. Severity of bacterial spot on leaves was significantly (P = 0.001) 
different among the accessions and commercial cultivars. Transmission of X. cucurbitae in 
pumpkin seeds was tested in the laboratory and greenhouse. X. cucurbitae was isolated from 12 
of 20 seed samples collected from pumpkin fields. Also, X. cucurbitae was detected in kernels of 
seeds that were surface-disinfested with NaClO. In a greenhouse study, lesions developed on 
cotyledons of the seedlings grown from naturally-infected pumpkin seeds and X. cucurbitae was 
isolated from symptomatic leaves.  
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CHAPTER 1 
 
INTRODUCTION 
 
Botany of pumpkin 
Family of Cucurbitaceae has more than 700 species, including Cucumis sativus (cucumber), 
Lagenaria siceraria (gourd), Citrullus lanatus (watermelon), Cucumis melo (melon), and 
Cucurbita pepo, C. maxima, and C. moschata, and C. argyrosperma  (pumpkins and squashes) 
(Berg, 2008). Pumpkin is a common name that usually refers to cultivars of any one of the 
species Cucurbita pepo L., C. argyrosperma K. Kock (syn.: C. mixta), C. maxima Duchesne 
(e.g., ‘NK 580’), which are winter squash, and C. moschata (Duchesne) Duchesne ex Poir (e.g., 
‘Dickenson’ and ‘Libby Select’, known as processing pumpkin). They are typically orange or 
yellow and have many creases running from the stem to the bottom. They have a thick shell 
covering seeds and pulp. The name pumpkin originated from the Greek "pepon" which refers to 
"large melon". "Pepon" was changed to "pompon" in French and then to "pumpion" in English. 
American colonists changed "pumpion" to "pumpkin" (Babadoost and Zitter, 2009; Michael et. 
al., 2012; Whitaker, 1950). 
   
Pumpkins are monoecious plants, having both male and female flowers on the same plant. The 
female flower is distinguished by the small ovary at the base of the petals, and has short life span 
(e.g., as short as one day). The color of pumpkins is derived from the orange pigments in the 
female organs. The main nutrients are lutein and both alpha and beta carotene, the latter of which 
generates vitamin A in the body (Whitaker, 1950) 
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Pumpkin production    
Pumpkins are grown throughout the world for a variety of uses ranging from agricultural 
purposes (e.g., animal feed) to ornamental sales. Out of the seven continents, only Antarctica is 
not suitable to pumpkins production. The biggest pumpkin producing countries are China, India, 
Russia, Iran, and the United States (US) (FAOSTAT, 2011). Approximately, 1.5 billion pounds 
(680,000,000 kg) of pumpkins are produced in the US every year. In 2011, pumpkins were 
harvested from 20,000 ha from the top six states and were valued at $113 million. The top 
pumpkin-producing states in the US are Illinois, New York, Minnesota, Ohio, Pennsylvania, 
and California (Geisler, 2012). Illinois produces approximately 5,000 ha of jack-o-lantern and 
6,000 ha of processing pumpkin annually. More than 90% of the US processing pumpkins are 
grown and processed in Illinois (Babadoost and Islam, 2003). 
 
Farm-gate value of jack-o-lantern pumpkins in the US ranges from $3,700 to more than 
$15,000/ha (Babadoost and Zitter, 2009). Jack-o-lantern pumpkins are produced for food, animal 
feed, oil extraction from seed (in Europe), and entertainment (e.g., Halloween celebration in the 
US). Seeds of some pumpkin cultivars are used as a nut. Other pumpkin products are pumpkin 
ice cream, pumpkin wine, pumpkin butter, and pumpkin honey. The processing pumpkin (canned 
pumpkin) industry is limited to North America. The processing industry was started by the 
Dickinson family in central Illinois in the late 1920s. Production of processing pumpkins in 
Illinois increased from less than 1,000 ha in 1930s to more than 6,000 ha in 2012. The gross 
value of processing pumpkin products exceed $27,000 per ha (Babadoost and Zitter, 2009). 
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Pumpkins weights range from less than 0.5 kg to more than 400 kg. Miniature-sized pumpkins 
weigh less than 0.5 kg and typically are used for decorative purposes. Pie pumpkins range in 
weight from 0.5 to10 kg. Pumpkins above 10 kg are considered giant, which typically range from 
10 to 35 kg (Geisler, 2012). 
 
Pumpkin diseases 
Pumpkin plants are attacked by several pathogens, including oomycetes, fungi, bacteria, viruses, 
and nematodes.  Important diseases caused by oomycete are downy mildew (Pseudoperonospora 
cubensis), and Phytophthora blight (Phytophthora capsici); major  fungal diseases are black rot 
(Didymella bryoniae), Fusarium crown and fruit rot (Fusarium spp.), Plectosporium blight 
(Plectosporium tabacinum), powdery mildew (Erysiphe cichoracearum and Sphaerotheca 
fuliginea), and Sclerotinia rot (Sclerotinia sclerotiorum); important bacterial disease include 
angular leaf spot (Pseudomonas syringae pv. lachrymans), bacterial fruit  blotch (Acidivorax 
avenae subsp. citrulli),  bacterial spot (Xanthomonas cucurbitae), and bacterial wilt (Erwinia 
tracheiphila); common viral diseases are Cucumber mosaic virus (CMV), Papaya ringspot virus 
(PRSV),  Squash mosaic virus (SqMV), Watermelon mosaic virus (WMV), and Zucchini yellow 
mosaic virus (ZYMV); an important nematode disease is southern root-knot nematode 
(Meloidogyne incognita) (Babadoost and Zitter, 2009; Grube, 2011; Jossey and Babadoost,  
2008; Langston Jr. et al., 1999; Thies et al., 2010; Walcott, 2005). 
 
Bacterial spot of pumpkin 
The disease caused by Xanthomonas cucurbitae (syn.: Xanthomonas campestris pv. cucurbitae) 
on cucurbits, is known as bacterial leaf spot or bacterial spot (Babadoost and Zitter, 2009; 
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Pruvost et al., 2008; Saddler and Bradbury, 2005; William and Zitter, 1996). Bacterial spot has 
become one of the most important diseases of pumpkin in the Midwest. In Illinois, fruit rot 
caused by X. cucurbitae exceeds 50% in some commercial fields (Babadoost and Zitter, 2009; 
Babadoost and Ravanlou, 2011; Babadoost et al., 2012).  
 
Limited information is available about the biology, etiology, and epidemiology of bacterial spot 
of pumpkin. Bacterial spot was reported first on ‘Hubbard’ squash by Bryan in1926 from New 
York. The pathogen was reported as Bacterium cucurbitae, which only caused leaf spot and no 
infections were found or produced by inoculation on fruit. Subsequently, this disease was 
reported from Maryland on ‘Hubbard’ squash, ‘Boston Marrow’ pumpkin (Cucurbita maxima), 
and ‘Golden Summer’ squash (Cucurbita pepo). By 1930, the disease was reported from the 
District of Columbia, Georgia, and South Carolina on ‘Golden Summer’, and ‘Crookneck’ 
squash (Bryan, 1930). Since then, bacterial spot has been reported from Asia, Australia, Europe, 
and North America on cucumber, pumpkin, squash, and watermelon (Babadoost and Zitter, 
2009; Bineeta et al., 1999; Dutta et al., 2013; Lamichhane et al., 2010; Pruvost et al., 2009).  
 
The major foliar symptom of the disease on pumpkin and squash is leaf lesions. Sometimes 
young stems and petioles may be attacked, which develop water-soaked lesions (Bryan, 1930; 
William and Zitter, 1996). Color of water-soaked lesions on leaves ranges from yellow to brown 
spots with age, and are surrounded by a yellow halo. Leaf lesions are small (2 to 4 mm in 
diameter) and may be angular. At the early stage of development, leaf infection can easily be 
overlooked because of the small size of the lesions. As lesions coalesce, they may appear more 
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angular and similar to the spots caused by Pseudomonas syringae pv. lachrymans (Babadoost 
and Zitter, 2009; William and Zitter, 1996). 
 
X. cucurbitae also infects fruit and produces lesions which vary in size (1 to 3 mm in diameter), 
depending on rind maturity and presence of moisture. Initial lesions are small, slightly sunken, 
circular, with a beige center and dark brown halo. Later, the cuticle and epidermis crack, and the 
lesions enlarge, reaching 10 to 15 mm in diameter, and become sunken. Penetration of bacteria 
into the flesh can lead to significant fruit rot in the field or later in storage (Babadoost and Zitter, 
2009). 
 
There are only a few reports about survival of the X. cucurbitae from one growing season to the 
next. It has been reported that pathogen survives in plant debris in the soil and in the seed 
between testa and tegmen. As infected seeds germinate, cotyledons become infected and the 
pathogen is splashed onto the true leaves. The optimum temperatures for multiplication of X. 
cucurbitae are 25 to 30°C, and the pathogen does not multiply above 35°C (Bineeta et al., 1999). 
Attempts to isolate the bacterium from soil have been unsuccessful (Babadoost and Zitter, 2009). 
 
Taxonomical characteristics of X. Cucurbitae  
Since 1980, several studies have been conducted to resolve the taxonomical issues of 
Xanthomonas species. In1980, five species of Xanthomonas including, X. albinineans, X. 
ampelina, X. axonoposis, X. campestris, and X. fragariae were listed in the Approved List of 
Bacterial Names (Skerman et al., 1980). Most of the other previously identified species were 
placed as pathovar (pv)s of Xanthomonas campestris. Thus, Xanthomonas campestris had more 
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than 140 pathovars by 1995. Extensive studies based on electrophoresis of proteins, gas 
chromatographic analysis of fatty acid methyl esters (FAME), restriction fragment length 
polymorphisms of genomic DNA (RFLP), restriction patterns of rRNAs, and DNA hybridization 
have shown that there are a number of well-defined groups in X. campestris and most of the 
pathovars are heterogeneous. Vauterin et al. (1995) carried out a comprehensive DNA-DNA 
hybridization study by using 183 strains of the genus Xanthomonas. The previously described 
species, Xanthomonas campestris (Pammel 1895) Dowson 1939, was divided into 16 DNA 
homology groups. Each group was considered as a genomic species (Vauterin et al., 1995). 
 
Two strains of X. campestris pv. cucurbitae, including LMG 690 and LMG 8662, were included 
in the study by Vauterin et al. (1995) that revealed 88% of DNA binding value and were placed 
in group 8 of DNA hybridization. The strains were considered sufficiently distinct from all other 
groups and was described at a species level as Xanthomonas cucurbitae (ex Bryan 1926) 
Vauterin et al., 1995. Other studies also confirmed these results. In a fatty acid methyl ester 
analysis, conducted by Yang et al. (1993), these strains revealed a very high degree of internal 
homogeneity within the species, and were grouped in cluster 1. Total protein of the strains were 
analyzed using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
confirmed the grouping of the X. cucurbitae as a separate group in cluster 10. Metabolic activity 
on carbon compounds, determined using Biolog GN microplates, clearly distinguishes this 
species from all others, except X. translucens from which there are no clear differences. The 
G+C content of DNA in type strains ICMP 2299, LMG 690, and NCPPB 2597 was 66.1 to 66.8 
mol% (Buttner and Bonas, 2010; Saddler and Bradbury, 2005; Vauterin et al., 2000).  
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Biochemical and physiological characteristics of X. cucurbitae 
The phenotypic description of X. cucurbitae is the same as genus Xanthomonas. Most 
Xanthomonas species form yellow mucoid smooth colonies. The yellow pigments are mono- or 
di-bromo arylpolyenes called xanthomonadins, which are characteristic of the genus. The 
exopolysaccharide xanthan, which is responsible for the mucoid or viscous cultures, is a typical 
characteristic of the genus. The cells are rods, measuring 0.4-0.6 x 1.0-2.9 µm. They occur 
mostly alone or in pairs, but chains may also occur. Filamentous cells are occasionally seen. 
Bacterial cells are usually motile by means of one polar flagellum.  
 
X. cucurbitae is a Gram negative bacterium. In biochemical tests with X. cucurbitae, catalase is 
produced; urease is absent; indole and acetone are not produced; nitrate is not reduced to nitrite; 
oxidase (oxidative enzyme) is absent or only weakly reactive; acetoin is not formed; litmus milk 
is not acidified; and cell amplification is inhibited by 6% NaC1, 30% glucose, and 0.01% methyl 
green (Bradbury, 1984; Saddler and Bradbury, 2005; Vauterin et al., 2000). Acid without gas is 
produced oxidatively from glucose, sucrose, fructose, galactose, arabinose, maltose, and 
cellobiose. Acid is produced from mannitol, raffinose, and glycerol on prolonged incubation (6 
to 20 days) (Saddler and Bradbury, 2005). Acid is not produced from inulin, dulcitol, meso-
inositol, sorbitol, or salicin (Saddler and Bradbury, 2005; Schaad, 2001).  
 
Genetic variation in bacteria 
Bacteria are haploid and have one copy or allele of each gene. They have a short generation time 
(e.g., 20 min), and multiply asexually by binary fission. Genetic material in bacteria is organized 
as a chromosome and plasmids. Bacteria exchange DNA from one cell to anther by 
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transformation, transduction and conjugation. Genetic variation in bacterial population occurs 
through several mechanisms including point mutation, DNA rearrangement, horizontal gene 
transfer (HGT) (Dale and Park, 2004; Robinson et al., 2010; Snyder and Champness, 2007). In 
plant pathogenic bacteria, genetic variation not only allows the pathogens to establish themselves 
in their chosen host, but also allows them to resist the host's subsequent attempts to resist them 
(Andrews and Harris, 2000; Robertson and Meyer, 1992).  
 
Methods for determining genetic variation in bacteria 
Various molecular techniques have been developed to determine genetic diversity among 
bacterial populations, as well as to discover molecular markers. Random amplified length 
polymorphism (RFLP), repetitive sequence-based polymerase chain reaction (rep-PCR), 16S 
rRNA gene analysis, hrp (hypersensitive reaction and pathogenicity) genes, random 
amplification of polymorphic DNA (RAPD ), and amplified fragments length polymorphism 
(AFLP) are examples of the most common techniques for determining genetic variation in 
organisms. Also, other techniques including restriction site association DNA sequence 
(RADSeq) and multi-locus sequence typing (MLST) have recently been developed for studying 
genetic variation in organisms.  
 
RFLP, the oldest method, has been widely used to study DNA fingerprinting. This method is 
based on the use of restriction enzymes, and detects polymorphism among the individuals by size 
of the DNA fragments created by a restriction enzyme (Botstein et al., 1980). 
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RAPD, a PCR-based technique, detects genetic diversity and markers. In this method, using 
short oligonucleotide primers (8-10 nucleotides) randomly amplified matching fragments 
throughout the genome are created. Reproducibility of this method is highly dependent on the 
quality of DNA and annealing temperature of the PCR profile. 
 
AFLP is used widely in microbiology for studying genetic variation, and in plant breeding for 
construction of genetic maps containing high densities of DNA marker loci. This technique was 
introduced by Vos et al. (1995), and was originally known as selective restriction fragment 
amplification. Whole genomic DNA is digested using two restriction enzymes including one rare 
cutter and another frequent cutter, and a highly complex DNA profiles are produced. Then, the 
fragments are ligated to double-stranded adaptors, which are complementary overhang 5’ end 
enzyme-generated parts of the segments. Using selective PCR, which uses primers with selective 
nucleotides at the 3' end that extend into the amplified restriction fragments, selective sequences 
result in the amplification of only a small subset of possible restriction fragments. In comparison 
with RFLP and RAPD, the selective nucleotides included in AFLP provide additional 
possibilities for polymorphisms to be detected beyond the restriction site itself (Vos et al., 1995; 
Vuylsteke et al., 2007).  
 
RADSeq is a new method for determining genetic variation in organisms. RAD markers were 
first implemented using microarrays and later adapted for next generation sequencing (NGS). 
This method is based on finding single nucleotide polymorphism (SNP) by sequencing DNA. In 
this approach, two simple methods of molecular biology techniques, RFLP and AFLP, are 
combined with Illumina sequencing. Similar to AFLP and RFLP, in RADSeq genomic DNA is 
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digested using  restriction enzyme(s) and sequence reads (DNA fragments) are associated to a 
particular individual using a molecular identifier (MID) (Davey and Blaxter, 2011; Davey et al., 
2011).  
  
MLST is another new technique used to determine genetic variation in bacteria. MLST is a DNA 
sequencing-based technique. In this technique, 3 to 4 housekeeping genes are amplified using 
PCR and DNA products are sequenced. Nucleotide differences between strains can be checked at 
a varying number of genes depending on the degree of discrimination desired. MLST is very 
sensitive technique and is comparable with AFLP in its high resolution of detecting 
polymorphism among bacterial strains (Robinson et al., 2010).  
 
Pathogenic variation in Xanthomonas spp. 
One of the characteristics of Xanthomonas species and sub-species is the phytopathogenic 
diversity and host speciﬁcity of the members. Originally, each strain showing a different host 
range or producing different disease symptoms was classiﬁed as a separate species. This strategy 
led to application of ״new host – new species״ concept to name Xanthomonas species (Vauterin 
and Swing, 1997).  
 
Protein secretion systems play an important role in the interaction of pathogens with their host. 
Xanthomonas species contain genes for all known protein transport systems in Gram negative 
bacteria (e.g., type I to type VI protein secretion systems). Type III secretion system (T3SS) is a 
highly conserved system in plant and animal pathogens and is essential for pathogenicity of 
Xanthomonas spp. Secreted proteins (effectors) via T3SS trigger hypersensitive reaction (HR) in 
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non-host plants containing corresponding resistance genes (R-genes). HR is plant defense 
reactions in which rapid localized death of cell restricts pathogen spread. In host plants, T3SS 
establishes pathogenic relationship between host cell and bacteria by injecting effector proteins 
into the host cell (Agrios, 2005; Arnold and Jackson, 2011; Kay, 2009; Mokryakova et al., 
2010).  
 
More than 20 effectors have been described for Xanthomonas species which are responsible for 
race determination as well as control of pathogen aggressiveness. Deletion of these effectors 
leads to loss of the pathogenicity of Xanthomonas species. Effector genes of Xanthomonas 
species are the most variable functional part of the genome even among strains of a single 
species (Mokryakova et al., 2010). For instance, AvrBs2 from X. vesicatoria on pepper and 
tomato strongly contributes to multiplication of the bacterial cells in host cells, and symptom 
development (Kay et al., 2009).  
 
Pathogenic variability of some of Xanthomonas species has been studied and revealed distinct 
variation among the isolates. In some cases, pathogenic variations were correlated to genetic 
variations. The followings are examples of pathogenic and genetic variations in Xanthomonas 
species. In 1976, a study on 51 isolates of X. oryzae showed a spectrum of virulence and 
separated the isolates into four different groups (Reddy, 1976).  Study of pathogenic variation in 
Xanthomonas campestris pv. phaseoli, the causal agent of common bacterial blight of bean, 
showed distinctive variation among 30 tested isolates, resulting in eight physiological races of X. 
c. pv. phaseoli (Opio, 1996). Study of pathogenic variations within Xanthomonas campestris pv. 
mangiferaeindicae, the causal agent of bacterial black spot of mango, has resulted in three 
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distinct groups of isolates. These three groups have already shown distinctive differences in 
AFLP analysis and proposing three distinct pathovars including X. axonopodis pv. 
mangiferaeindicae, X. axonopodis pv. anacardii, and X. axonopodis pv. spondiae (Ah-You et al., 
2007).  
 
THESIS OBJECTIVES 
 
During the past six years, outbreaks of bacterial spot of pumpkin, caused by Xanthomonas 
cucurbitae, occurred in Illinois (Babadoost and Ravanlou, 2012), which caused more than 50% 
yield losses in some commercial fields. The main goal of this study was to determine the 
etiology of bacterial spot of pumpkin. The specific objectives of the project were to determine:  
(i) occurrence of the disease in Illinois pumpkin fields; 
(ii) pathogenic variation among isolates of X. cucurbitae from Illinois; 
(iii) genetic variation among isolates of X. cucurbitae from Illinois; 
(iv) host range of the X. cucurbitae; and  
(v) seed-transmission of X. cucurbitae in pumpkin  
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CHAPTER 2 
 
OCCURRENCE OF BACTERIAL SPOT (XANTHOMONAS CUCURBITAE) OF 
PUMPKIN IN ILLINOIS 
 
ABSTRACT 
 
This study was conducted to assess occurrence of bacterial spot of pumpkin, caused by 
Xanthomonas cucurbitae, in Illinois. Disease development was monitored in nine, fourteen, and 
fifteen commercial pumpkin fields in Illinois in 2009, 2010, and 2011, respectively. Each field 
was visited three or four times during the growing season. In each field, 120 leaves and 60 fruit 
in 12 locations (12 leaves and five fruits per location), on an M-shaped walking path, were 
examined for disease incidence and severity. Bacterial spot was observed from 4-leaf growth 
stage (early July) until the green leaf tissue of leaves was available. Three types of lesions were 
observed on leaves of pumpkin plants, which were described as Type I, Type II, and Type III 
lesions. Type I lesions were small (1 mm) and brown necrotic. Numerous lesions developed on 
each leaf and affected leaves gradually became yellow. Bacterial oozing was easily observed in 
the sections of leaf tissues using light microscopy. This type of lesion has been reported by 
previous investigators. Types II and III lesions were described for the first time. Type II lesions 
were translucent spots with a narrow yellow halo, measuring 4 to 8 mm. There were few lesions 
on each leaf, and bacterial oozing was not readily seen in section under light microscopy. Type 
III lesions were beige in the center with brown halo, numerous, and measured 1 to 4 mm. 
Bacterial oozing was easily observed in Type III lesions, using light microscopy. Bacterial spot 
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was observed in all of the fields monitored during the three-year period. Incidence and severity 
of bacterial spot on leaves were the greatest from mid-August to early September, when fruits 
began to turn to orange. In each survey, 12 infected leaves (one leaf per location) were collected 
from each field for isolation of associated bacteria with the lesions. Bacterial lesions developed 
on fruit one week after fruit set until harvest. Lesions on fruit were water-soaked, sunken, with 
beige centers and yellow halo, and measured 1 to 3 mm in diameter. Occurrence of bacterial spot 
on fruit was assessed in 17, 50, and 65 commercial pumpkin fields in 2009, 2010 and 2011, 
respectively, within four weeks of harvest. In each field, 60 fruits in 12 locations (five fruits per 
location), on an M-shaped walking path, were examined for severity of bacterial spots. Bacterial 
spot on fruit was observed in 100, 80, and 88% of the fields surveyed in 2009, 2010, and 2011, 
respectively. The incidence of fruit with bacterial spot in all fields surveyed was 46, 35, and 24% 
in 2009, 2010, and 2011, respectively. From each field, up to 12 affected fruit (one fruit per 
location) were collected for isolation of bacteria associated with the lesions. Bacteria were 
isolated from leaf and fruit lesions by culturing on kasugamycin-cephalexin agar, nutrient agar, 
and King-B agar media. A total of 1,324 bacterial isolates (534 isolates from leaves and 790 
isolates from fruit) were collected during 2009-2011. X. cucurbitae was identified based on 
producing xanthomonad-like yellow colonies on the yeast extract dextrose calcium carbonate 
(YDC) agar medium, biochemical and physiological tests, PCR testing using primers RST2/3 
primers, sequencing16S rRNA genes, and pathogenicity test on pumpkin plants. A total of 964 
(73%) isolates (331 isolates from leaves and 633 from fruit) were identified as X. cucurbitae. 
Additional studies are needed to identify non- X. cucurbitae bacteria associated with pumpkin 
fruit with bacterial spot and determine their importance in fruit infection.  
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MATERIALS AND METHODS 
 
Field monitoring for development of bacterial spot  
Development of bacterial spot was monitored in nine, fourteen, and fifteen commercial pumpkin 
fields in Illinois in 2009, 2010, and 2011, respectively (Figure 2.1). All fields were surveyed 
every 3 weeks, beginning 4 weeks after sowing  seeds (early July) until about 3 weeks before 
harvesting fruit (middle of September) to record development of bacterial spot symptoms on 
leaves and fruit. In each field 12 locations on an M-shaped path were randomly selected and 
flagged.  In each location, all leaves on five plants (early season) or leaves on five vines 
(beginning vining growth stage) and five fruit were examined for development of bacterial spot 
symptoms. Incidence of the disease in each field was determined as percentage of symptomatic 
leaves or fruit. Severity of the disease on leaves was assessed using a scale of 0-7, 0 = 0, 1 = 1, 2 
= 2-5, 3 = 6-15, 4 = 16-30, 5 = 31-50, 6 = 51-70, and 7 = 71-100% of leaf or fruit surface with 
lesions. Characteristics of symptoms, including color, size, and appearance of the spots on leaves 
and fruits were recorded. In each survey, one symptomatic leaf and one symptomatic fruit (as 
available) were collected from each location. Collected samples were transported in a cooler to 
the laboratory and processed for isolating associated bacteria.  
 
Field surveys for fruit infection 
To determine the incidence and severity of bacterial spot in pumpkin fields in Illinois, 17, 50, 
and 65 commercial pumpkin fields were surveyed in 2009, 2010, and 2011, respectively (Figure 
2.2). In each field 12 locations on an M-shaped path were randomly selected. In each location, 
incidence and severity of the bacterial spot were assessed on five pumpkin fruits. Incidence of 
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the disease in each field was determined as percentage of symptomatic fruit. Severity of the 
disease on fruit was assessed using a scale of 0-7, 0 = 0, 1 = 1, 2 = 2-5, 3 = 6-15, 4 = 16-30, 5 = 
31-50, 6 = 51-70, and 7 = 71-100% fruit surface with lesions. 
 
Isolation, purification, and maintenance of X. cucurbitae 
Surface of leaves and fruit were disinfested by gentle rubbing with blotters soaked in 99% 
ethanol and the area with lesions was excised using a sterile scalpel (pieces 2- to 4-mm diameter) 
in a laminar flow hood. Each piece of leaf or fruit tissue with a single lesion was immersed into a 
1.5 ml microcentrifuge tube containing 1 ml sterilized distilled water (SDW). The tube was 
shaken using a shaker (Thermolyn Maxi Mix ®II, Barnstead International, IW) for 30 sec, and 
then a loopful of the suspension was streaked onto the kasugamycin-cephalexin (KC)-agar 
medium in 100 mm Petri plates (Pruvost et al., 2010).  KC-agar medium contained 7 g yeast 
extract, 7 g peptone, 7 g glucose, and 18 g agar, 20 mg propiconazol, 40 mg cephalexin, and 20 
mg kasugamycin in 1,000 ml distilled water. Lesions that were different than typical symptoms 
of X. cucurbitae were also cultured on nutrient agar and King-B agar (Schaad et al., 2001). The 
plates were incubated in the in the dark at 24 ± 1°C. After 3 days, xanthomonad-like yellow 
colonies were subcultured by streaking onto the Lauria Bertani (LB) agar medium in 100 mm 
Petri plates. After 2 or 3 days, developing colonies were subcultured again on LB medium to 
produce single cell colonies. After 3 days, each single-cell colony was transferred into 1.5 ml 
microcentrifuge tube containing 1 ml solution of 15 or 30% glycerol in sterilized distilled water 
(SDW) and the tubes were stored at -20°C and -80°C, respectively, (Goto et al., 1980; Schaad et 
al., 2001) for future studies. 
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Identification of bacterial isolates   
Identification of collected bacterial isolates was achieved by using conventional and molecular 
methods as described below. 
Cultural tests. Bacterial isolates with xanthomonad-like yellow colonies on KC-agar medium 
were tested first for Gram reaction using 3% KOH (Schaad et al., 2001). Gram-negative isolates 
were streaked onto yeast extract dextrose calcium carbonate (YDC)-agar medium (10 g yeast 
extract, 20 g dextrose, 20 g calcium carbonate, and 15 g agar in 1,000 ml distilled water) in Petri 
plates and incubated in the dark at 28 ± 1 °C (Mohammadi et al., 2001; Schaad et al., 2001).  
Biochemical and physiological tests. Sixty seven isolates collected during 2009-2011, and 
identified as X. cucurbitae based on growth on YDC agar medium, were selected for biochemical 
and physiological tests. The tests included urease, catalase and oxidase reaction, glucose 
metabolism under aerobic and anaerobic condition (Hugh and Leifson test), aesculin hydrolysis, 
starch hydrolysis, H2S production from cysteine, casein degradation, reaction in litmus milk 
medium, and nitrate reduction (Bobosha, 2003; Goto et al., 1980; Lelliott et al., 1966; Lin et al., 
2005; Mohammadi et al., 2001; Schaad et al., 2001; Suzuki et al., 2003).  
 
Polymerase chain reaction (PCR) test. Isolates that were suspected to be X. cucurbitae were 
selected for PCR testing. The primers used were RST2 (5'AGGCCCTGGAAGGTGCCCTGGA 
3') and RST3 (5'ATCGCACTGCGTACCGCGCGCGA3') (Schaad et al., 2001). PCR testing was 
conducted using a thermal cycler machine (Model PCT-200, MJ Research Inc., Waltham, MA). 
The 25 µl reaction volume contained 12.5 µl Gotaq Green Master Mix 2x (Promega Corporation, 
Madison, WI), 1 µl of each primer, 10 µl of nuclease-free water, and 0.5 µl of bacterial 
suspension (10
8 
CFU/ml) (Meng et al., 2004; Zhao et al., 2002). ATCC strain 23378 of X. 
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cucurbitae was included as a reference strain. PCR cycle conditioning included initial 
denaturation at 95°C for 10 min; 32 cycles of denaturing at 95°C for 40 sec, annealing at 59°C 
for 40 sec, and extension at 72°C for 1 min; followed by a final extension step at 72°C for 10 
min. The resulting product was preserved at 4°C until analysis. The PCR product was run in 1% 
agarose gel containing ethidium bromide at 100 volts for 60 min, and visualized under ultraviolet 
(UV) light.  
 
Sequencing 16S rRNA genes. To sequence 16S rRNA genes of X. cucurbitae, 138 isolates were 
tested. In addition, 18 non- X. cucurbitae isolates from Illinois also were tested to sequence their 
16S rRNA genes. Amplification of 16S rRNA genes was carried out using primers 27F (5’AGA 
GTTTGATCMTGGCTCAG3’) and 1492r (5’TACCTTGT TACGACTT3’) in the PTC-200 
Peltier Thermal cycler (MJ Research Inc., Waltham, MA) (Lane, 1991). PCR cycle conditioning 
included initial denaturation at 95°C for 10 min; 35 cycles of denaturing at 95°C for 40 sec, 
annealing at 58°C for 40 sec, and extension at 72°C for 1 min; followed by a final extension step 
at 72°C for 10 min. The processed samples were preserved at 4°C until analysis. The PCR 
product was run in 1% agarose gel containing ethidium bromide at 100 volts for 60 min, and 
visualized under UV light.  
 
The PCR products were purified with the Wizard SV gel and PCR Clean-Up system (Promega, 
Madison, WI). Purified 16S rRNAs were sequenced from both ends (5’forward and 3’ reverse) at 
the University of Illinois Core DNA Sequencing Facility. Edited sequences were compared using 
the BLASTn database (http://www.ncbi.nlm.nih.gov).  
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Pathogenicity test of X. cucurbitae isolates. X. cucurbitae isolates that were positively 
identified by culturing and PCR tests were selected to determine their pathogenicity on pumpkin 
cultivar ‘Howden’, a susceptible pumpkin to X. cucurbitae, in a greenhouse. One hundred and 
thirty four isolates were cultured on LB-agar medium in Petri plates in the dark at 24 ± 1°C for 3 
days. Bacterial inoculum was prepared by washing bacterial colonies with SDW into a beaker. 
The density of the suspension was adjusted to 10
8
 CFU/ml using a spectrophotometer (Smart 
Spec 3000; Bio-Rad, Philadelphia, PA) at OD600 (OD=0.5 at 600 nm). Plants were inoculated 
when they were at 2- to 4-leaf growth stages. Using a 10-ml syringe, 0.5 ml of bacterial 
suspension was infiltrated into the abaxial side of leaves with 5 shots to each leaf. ATCC strain 
23378 of X. cucurbitae and SDW were used as positive and negative controls, respectively. For 
each isolate at each time, three plants and three leaves per plant were inoculated. Inoculated 
plants were placed in a greenhouse at 24 to 28°C. During 3 weeks from inoculation, development 
of the disease symptoms, including water-soaked and necrotic lesions were recorded. 
Symptomatic tissues were processed to isolate X. cucurbitae. Isolated bacterial colonies were 
identified as X. cucurbitae as previously described (Barak et al., 2001; Kidist, 2003).  
 
Hypersensitivity Reaction (HR) test of isolates on tobacco plants. Hypersensitivity reaction 
testing was conducted on young and fully-developed leaves of tobacco (Nicotiana benthamiana) 
by testing 67 X. cucurbitae isolates collected from pumpkin leaf and fruit samples. Tobacco 
leaves were inoculated with an X. cucurbitae suspension (10
8 
CFU/ml). Using a 10-ml syringe, 
0.5 ml of the bacterial suspension was infiltrated into interveinal leaf tissue on the abaxial side. 
Each isolate was tested twice, with three replications (three plants, each with three leaves). 
ATCC strain 23378 of X. cucurbitae and SWD were used as positive and negative controls, 
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respectively. Inoculated plants were placed in a greenhouse at 24 to 28°C. Inoculated plants were 
assessed for development of hypersensitive reaction within 24 to 48 h after injection (Kado, 
2010; Kim et al., 2003; Vanneste et al., 1990).  
 
RESULTS 
 
Development of bacterial spot in the fields 
Disease development on the leaves. Three major lesion types were characterized on leaves, 
which were different in color and size. The lesions were termed as Type I, Type II and Type III. 
 
Leaf lesion Type I: Type I lesions on leaves was the most common and also reported by 
previous investigators. This type of lesion was observed in most of the pumpkin cultivars such as 
Magic Lantern, Spartan, Iron Man, Howden, Gold Strike, Phantom, Autumn King, Solid Gold, 
and Mustang. The lesions were small (about 1 mm in diameter), water-soaked, yellow to light 
brown. The lesions gradually become necrotic beige in the center with a yellow halo. Some 
lesions enlarged, reaching up to 6 mm in diameter (Figure 2.3). In most of the affected plants, the 
lesions coalesced and covered most of leaf surface. The density of the lesions at the edges of the 
leaves was usually greater and, after coalescing, caused leaf scorch, which resulted in death of 
whole leaf. The color of the lesions varied from light to dark brown, depending on pumpkin 
cultivar. In some cultivars, the center of the lesion had fallen off, resulting in a shot-hole 
appearance. Type I lesions had high concentrations of bacterial cells, and bacterial oozing was 
easily observed in the sections of leaf tissues using light microscopy.  
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Leaf lesion Type II: Type II lesions were less common than Type I lesions and was observed on 
pumpkin cultivars Magic Lantern, Iron Man, Harris Moran, and Spartan. Lesions were angular, 4 
to 8 mm in diameter and translucent in center with a thin yellow halo (Figure 2.4). There were 
only a few lesions (1 to 10) on each leaf. Bacterial concentration in the affected leaf tissues was 
very low and bacterial oozing was very slow in the leaf sections under microscopic examination.  
 
Leaf lesion Type III: Type III lesions developed as water-soaked angular or circular spot, with a 
grayish center and brown halo (Figure 2.5). In the beginning, lesions were small (1 to 2 mm in 
diameter), but gradually enlarged reaching to 4 mm in diameter, and the centers became 
translucent. Type III lesions were smaller than Type II lesions, but larger than Type I lesions. 
The lesions had high concentration of bacterial cells, and bacterial oozing was easily seen in the 
sections of leaf tissue using light microscopy. 
 
Disease development on fruit.  Bacterial lesions developed on fruit one week after fruit set until 
the harvest. On the early growth stages of fruit, a few water-soaked lesions were observed 
(Figure 2.6). As fruit grew larger, more bacterial lesions developed. Size and color of lesions on 
fruit varied with pumpkin cultivars. Most commonly occurring lesions on unripe fruit were small 
(1 mm), sunken spot with a beige center and a yellow halo (Figure 2.7). They gradually enlarged 
reaching up to 3 mm in diameter. The halo surrounding lesions became dark green or dark brown 
when fruit ripened. In wet conditions, bacterial oozing from some lesions was observed. 
 
Incidence and severity of bacterial spot on leaves. The earliest plant growth stage that 
bacterial lesions were observed on leaves was at 4-leaf growth stage. During the growing season, 
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bacterial lesions on leaves were observed as long as leaf tissues were green. In 2009, lesions on 
leaves were observed in all of the nine fields monitored. Lesions were observed from 10-leaf 
growth stage (mid-July) until harvest (Table 2.1). Average incidence of symptomatic leaves 
(percent leaves with bacterial spot) in all nine fields monitored was 34, 38, and 54% in the third 
week of July, second week of August, and first week of September, respectively. Average 
severity of leaf lesions (percentage of leaf surface with lesions) in all nine fields was 2.36, 4.67, 
and 5.66%, in the third week of July, second week of August, and first week of September, 
respectively.  
 
In 2010, leaf lesions were observed from 5-leaf growth stage (early July) until harvest in 
September in all 14 fields monitored. Average incidence of symptomatic leaves in all monitored 
fields was 2.8, 10.7, 20.0, and 16.5%  in the second week of July, fifth week of July, second 
week of August, and first week of September, respectively (Table 2.2). Average severity of leaf 
lesions in the fields was 0.3, 1.4, 2.5, and 2.7%, in the second week of July, fifth week of July, 
second week of August, and first week of September, respectively.    
 
In 2011, bacterial lesions on leaves were observed from 4-leaf growth stage (first week of July) 
until harvest in September in all 15 fields monitored. By the end of July, leaf lesions were 
observed in all 15 fields. Average incidence of symptomatic leaves in the fields was 6.0, 1.3, 
12.1, and 19.9%  in the first week of July, third week of July, second week of August, and first 
week of September, respectively (Table 2.3). Average severity of leaf lesions in the fields was 
0.24, 0.03, 1.20, and 2.35%, in the first week of July, third week of July, second week of August, 
and first week of September, respectively.  
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Occurrence of bacterial spot on fruit. Lesions on fruit were observed one week from fruit set 
in July (Figure 2.6). In most of the fields, fruit lesions developed around mid-August, 
approximately one week before color change of the fruit rind. In 2009, fruit with bacterial lesions 
were observed in all 17 fields surveyed in 13 counties throughout Illinois (Table 2.4). Incidence 
of symptomatic fruit (percent fruit with bacterial spot) ranged from 2 to 96% (average 46%). 
Average severity of lesions on fruit (percent fruit area affected) ranged from 1 to 14% (average 
4.0%). In 2010, fruit with bacterial lesions were observed in 40 of 50 fields surveyed in 30 
counties. Incidence of symptomatic fruit was from 3 to 94% (average 35% in 50 fields surveyed) 
(Table 2.4). Average severity of lesions on fruit ranged from 1 to 16% (average 3.1%). In 2011, 
symptomatic fruit was observed in 57 of 65 fields surveyed (Table 2.5). The incidence of 
symptomatic fruit ranged from3 to 87% (average 24% in 65 fields). Average severity of lesions 
on fruit ranged from 1 to 14% (average 2.2%).  
 
Identification of X. cucurbitae isolates 
During 2009-2011, 1,324 bacterial isolates were collected from 114 pumpkin fields in Illinois, 
which included 534 isolates from leaf samples from the monitored fields and 790 isolates from 
fruit samples from all fields surveyed. A total of 964 (73%) isolates including 331 and 633 
isolates from leaf and fruit, respectively, developed yellow pigmented xanthomonad-like colony 
on KC-agar medium. Colonies of 467 of 1,324 (35%), including 163 and 304 isolates from leaf 
and fruit samples, respectively, produced yellow colonies on YDC-agar medium. Two hundred 
thirty seven of the 467 isolates, including 86 and 151 isolates from leaf and fruit samples, 
respectively, were included in the PCR test. One hundred and eighty one isolates, including 54 
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and 127 isolates from leaf and fruit samples, respectively, produced amplicons identical to that of 
the ATCC strain 23378 of X. cucurbitae. The product of PCR with RST2/3 primers produced  a 
1.4 kb amplicon (Figure 2.9). Overall, an estimated 331 (62%) and 663 (84%) of bacterial 
isolates collected from leaf and fruit samples, respectively, were presumed to be X. cucurbitae.  
Analysis of sequences of 16S rRNA in all 134 isolates showed 97-99% similarity with 
Xanthomonas species in the National Center for Biotechnology Information (NCBI) data bank.  
 
Biochemical and physiological tests showed that all 67 isolates were Gram negative, oxidative 
positive, fermentative negative, urease negative, reduced nitrate, hydrolyzed esculin and starch, 
produced levan from sucrose, grew on starch positive semi selective Xanthomonad (SX)-agar 
medium, and produced H2S from cysteine. Also, all of the tested isolates hydrolyzed casein in 
skim milk and the reaction was alkaline.   
 
DISCUSSION 
 
The results of study showed that bacterial spot on leaves can develop from the early growth 
stages (4-leaf stage) until harvest, as long as green tissues of leaves are available. Also, the 
results showed that pumpkin fruit can be infected by X. cucurbitae from early growing season 
(about one week after fruit set) until harvest. The effects of environmental conditions (e.g., 
moisture and temperature) on development of bacterial spot on leaves and fruit of pumpkins 
were not investigated in this study. Further studies on the epidemiology of bacterial spot are 
needed.  
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In this research, three different types of lesions (Type I, Type II, and Type III) were observed on 
leaves of pumpkin cultivars. Only Type I lesions have been described by previous reporters 
(Blancard et al., 1994; Bryan, 1930; Koike et al., 2007; Williams and Zitter, 1996). Type II 
lesions, are similar to the lesions produces by Pseudomonas syringae pv. lachrymans, the causal 
agent of angular leaf spot of cucurbits (Williams and Zitter, 1996). None of the isolates from 
Type II lesions were identified as P. syringae pv. lachrymans. Thus, Type II lesions are a new 
report of symptoms caused by X. cucurbitae on pumpkin. Also, Type III lesion, caused by X. 
cucurbitae, is reported for the first time. Additional studies are needed to determine if leaf 
lesions are caused by X. cucurbitae on other cucurbit crops, especially on winter squash. 
 
This study revealed that leaf and fruit infection by X. cucurbitae occurs from early growth stages 
of the plants until harvest. Thus, strategies for management of X. cucurbitae in pumpkin fields 
will require protection of plants from the time of plant vining until harvest. Since infection of 
fruit by X. cucurbitae provide opportunities for fruit infection by other organisms, such as 
Fusarium and Erwinia species (Babadoost and Zitter, 2009; Pscheidt and Ocamb, 2013; Winkler 
et al., 2008), developing effective strategies for management of bacterial spot in pumpkin fields 
is essential.  
 
Even a single lesion of bacterial spot on a pumpkin fruit can result in rotting of the fruit, either in 
the field or later in storage. So, pumpkin fruit with bacterial spot is usually rejected for 
marketing. Thus, growers consider almost a zero-tolerance of bacterial spot on pumpkin fruit. 
Consequently, management of bacterial spot of pumpkin is a challenging task. To prevent 
occurrence of bacterial spot in pumpkin fields, determining host range of X. cucurbitae and 
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survival of the pathogen in the fields, establishing effective crop rotations, determining and using 
resistant cucurbit cultivars, and application of effective chemicals are needed. 
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TABLES AND FIGURES 
 
 
 
Table 2.1. Incidence and severity of bacterial spot (Xanthomonas cucurbitae) on the leaves in pumpkin fields in Illinois in 2009. 
 
July  
(10- to 15-leaf growth stage) 
 August 
(fruit set) 
 September 
(fruit ripening) 
Field location (county) 
Incidence 
(%)
y 
Severity 
(%)
z 
 Incidence 
(%)
y 
Severity 
(%)
z 
 Incidence 
(%)
y 
Severity 
(%)
z 
Alpha (Henry) 61.67 2.78  61.67 11.02  78.33 11.69 
Belleville (St. Clair) 13.64 0.13  10.91 0.23  50.00 3.33 
Brussels (Calhoun) 50.00 11.68  51.18 6.00  65.83 12.10 
Champaign (Champaign) 31.22 0.90  34.17 1.98  45.00 3.84 
Gridley (McLean) 39.17 1.10  33.34 1.44  29.91 0.81 
Kankakee (Kankakee) 10.00 0.38  17.50 0.38  15.00 0.31 
Mt. Vernon (Jefferson) 8.33 0.50  10.91 1.63  66.66 0.10 
Neponset (Putnam) 58.18 1.38  63.64 11.11  68.75 6.80 
Wayne city (Wayne) - -  65.38 8.24  68.21 12.00 
Average 34.03 2.36  38.74 4.67  54.19 5.66 
y 
Percent of leaves with bacterial lesion. In each visit, 120 leaves were examined for development of bacterial spot in each field. 
 
z
 Percent of leaf area with bacterial lesions in 120 examined leaves.  
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Table 2.2. Incidence and severity of bacterial spot (Xanthomonas cucurbitae) on leaves in pumpkin fields in Illinois in 2010. 
  
 
  
 
  
 
  
 
Early July  
(5- to 10-leaf growth stage)  
Late July 
 (Vining and flowering)  
Mid-August  
(Fruit set)  
Early-September  
(Fruit ripening) 
Field location (county) 
Incidence 
(%)
y 
Severity 
(%)
z 
  
Incidence 
(%)
y 
Severity 
(%)
z 
  
Incidence 
(%)
y 
Severity 
(%)
z 
  
Incidence 
(%)
y 
Severity 
(%)
z 
Alpha (Henry) 4.98 0.19 
 
31.5 3.53 
 
45 9.56 
 
56 10.11 
Belleville (St. Clair) 0 0 
 
0 0 
 
0.17 0.01 
 
0 0 
Brussels (Calhoun) 0 0 
 
9.5 0.71 
 
10.8 0.46 
 
8.73 0.53 
Brussels (Calhoun) 11.47 1.41 
 
19.33 1.88 
 
40 3.6 
 
24.06 2.69 
Champaign (Champaign) 1.43 0.05 
 
7.3 0.7 
 
16.11 1 
 
9.07 2.08 
Grafton (Jersey) 0 0 
 
0.75 0.04 
 
32.5 3.98 
 
38.33 4.55 
Gridley-I (McLean) 0.01 0.01 
 
0.05 0.01 
 
12.3 0.66 
 
5.3 0.26 
Gridley-II (McLean) 0 0 
 
0 0.01 
 
8.7 1.22 
 
6.67 0.58 
Kankakee -I (Kankakee) 4.32 0.57 
 
7.36 0.75 
 
31.8 4.24 
 
4.8 2.48 
Kankakee-II ((Kankakee) 0 0 
 
0.1 0.01 
 
0.18 0.01 
 
0.1 0.01 
Mt Vernon (Jefferson) 0 0 
 
2.03 0.1 
 
19.6 2.76 
 
22.6 3.08 
Neponset (Putnam) 1.15 0.04 
 
36.75 6.22 
 
49 6.18 
 
42 8.85 
Tanners (Marshal) 15.65 1.98 
 
32.19 5.33 
 
10.44 0.48 
 
12.08 0.58 
Wayne city (Wayne) 0 0   2.67 0.05   1.93 0.1   1.06 1.36 
Average 2.8 0.3   10.7 1.4   20 2.5   16.5 2.7 
y 
Percent of leaves with bacterial lesion. In each visit, 120 leaves were examined for development of bacterial spot in each field. 
 
z
 Percent of leaf area with bacterial lesions in 120 examined leaves.  
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Table 2.3. Incidence and severity of bacterial spot (Xanthomonas cucurbitae) on the leaves in pumpkin fields in Illinois in 2011. 
  
 
  
 
  
 
  
 
Early July  
(4- to 6-leaf growth stage)  
Late July  
(Vining and flowering)  
Mid-August  
(Fruit set)  
Early-September  
(Fruit ripening) 
Field location (county) 
Incidence 
(%)
y 
Severity  
 
Incidence 
(%)
y 
Severity 
(%)
z 
 
Incidence 
(%)
y 
Severity 
(%)
z 
 
Incidence 
(%)
y 
Severity 
(%)
z (%)z       
Alpha-I (Henry) 0.13 0.01 
 
0.1 0.01 
 
0.87 0.01 
 
14.17 0.97 
Alpha-II (Henry) 0.12 0.01 
 
0.1 0.01 
 
3.8 0.07 
 
15.9 0.7 
Belleville-I (St, Clair) 1.95 0.03 
 
2.27 0.04 
 
1.75 0.06 
 
1.02 0.04 
Belleville-II (St. Clair) 0 0 
 
0.04 0.01 
 
1.2 0.04 
 
0.8 0.01 
Brussels (Calhoun) 23.35 2.35   5.63 0.11   7.14 0.61   4.02 0.25 
Champaign (Champaign) 0.3 0.01 
 
1.63 0.02 
 
5.6 0.8 
 
13.96 2.6 
Grafton (Jersey) 0 0 
 
0 0 
 
0 0 
 
0.67 0 
Gridley-I (McLean) 33.08 0.46 
 
0.1 0.1 
 
0.1 0 
 
4.6 0.08 
Gridley-II (McLean) 22.55 0.6 
 
0 0 
 
0.1 0 
 
2.8 0.02 
Kankakee-I (Kankakee)  1.37 0.01 
 
2.35 0.04 
 
16.95 0.35 
 
36.76 4.61 
Kankakee-II (Kankakee) 0.7 0.01 
 
3.7 0.03 
 
32.79 2.7 
 
78.5 9.09 
Mt Vernon (Jefferson) 0 0 
 
0 0 
 
29.8 2.32 
 
4.47 0.32 
Neponset (Putnam) 6.61 0.06 
 
1.46 0.02 
 
29.86 3.3 
 
29.55 5.06 
Tanners (Marshal) 0.1 0 
 
0.45 0.01 
 
11.25 2.03 
 
55.56 8.34 
Wayne city (Wayne) 0 0 
 
1.52 0.03 
 
40 5.67 
 
35 3.15 
Average 6.02 0.24   1.29 0.03   12.08 1.2   19.85 2.35 
y 
 Percent of leaves with bacterial lesion. In each visit, 120 leaves were examined for development of bacterial spot in each field. 
 
z
 Percent of leaf area with bacterial lesions in 120 examined leaves.  
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Table 2.4. Occurrence of bacterial spot (Xanthomonas cucurbitae) on fruit in commercial  
pumpkin fields
z
 in Illinois during 2009-2011. 
County 
2009  2010  2011 
Fields 
visited 
(no.) 
Fields with 
infected fruit 
(no.) 
 Fields 
visited 
(no.) 
Fields with 
infected fruit 
(no.) 
 Fields 
visited 
(no.) 
Fields with 
infected fruit 
(no.) 
Adams 3 3  2 2  2 2 
Boone - -  - -  2 2 
Bureau - -  1 1  - - 
Calhoun 1 1  2 2  2 1 
Cass - -  1 1  - - 
Champaign 1 1  2 2  2 1 
Clark - -  1 0  - - 
Dekalb 1 1  1 1  2 2 
Douglas - -  4 4  4 4 
Edgar - -  1 0  - - 
Fayatte - -  - -  2 2 
Grundy - -  - -  1 1 
Henderson - -  - -  2 2 
Henry 1 1  1 1  2 1 
Jackson - -  2 1  - - 
Jefferson 2 2  2 2  3 3 
Jersey - -  1 1  2 2 
Johnson - -  1 1  - - 
Kane 1 1  3 3  4 4 
Kankakee 2 2  5 4  4 4 
Macoupin - -  2 2  1 1 
Madison - -  1 1  2 1 
Marion - -  1 0  - - 
Marshal 1 1  1 1  3 2 
Mason - -  - -  3 2 
McHenry 1 1  1 1  3 3 
McLean 1 1  2 2  1 1 
Moultrie - -  1 1  2 2 
Ogle - -  - -  2 2 
Peoria - -  1 1  2 2 
Putnam 1 1  2 2  2 2 
Sangamon - -  1 1  1 0 
St. Clair 1 1  2 1  2 2 
Stark - -  - -  1 1 
Stephenson - -  1 0  1 1 
Tazewell - -  - -  2 1 
Wayne city - -  - -  2 2 
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Table 2.4. Continued. 
County 
2009  2010  2011 
Fields 
visited 
(no.) 
Fields with 
infected fruit 
(no.) 
 Fields 
visited 
(no.) 
Fields with 
infected fruit 
(no.) 
 Fields 
visited 
(no.) 
Fields with 
infected fruit 
(no.) 
Winnebago - -  3 1  1 1 
Whiteside  - -  1 0  - - 
Total 17 17  50 40  65 57 
z
 In
 
each field, 60 pumpkin fruit were evaluated for concurrence of  bacterial spot 
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FIGURES 
 
 
 
   
Figure 2.1. Map of Illinois with the locations of monitored pumpkin fields (blue dots), where development of bacterial spot 
(Xanthomonas cucurbitae) on leaves and fruits was studied during 2009-2011.  
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Figure 2.2. Illinois map with the locations of commercial pumpkin fields that were surveyed for occurrence of bacterial spot 
(Xanthomonas cucurbitae) on fruit during 2009-2011. Blue dots indicate fields with infected fruit, and red dots show fields without 
symptomatic fruit. 
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Figure 2.3. Type I lesions caused by Xanthomonas cucurbitae on leaves of pumpkin (cultivar 
Magic Lantern). A, appearance of small brown necrotic lesions on the upper surface of a leaf; B, 
magnified (10x) necrotic lesions on the upper surface of a leaf; C, appearance of lesions on the 
lower surface of the leaf.  
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Figure 2.4. Type II lesions caused by Xanthomonas cucurbitae on leaves of pumpkin (cultivar 
Harris Moran). Lesions were translucent necrotic in the centers with narrow brown halo. 
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Figure 2.5. Type III lesions caused by Xanthomonas cucurbitae on leaves of pumpkin (cultivar 
Autumn Wing). A, water-soaked angular lesions with beige centers and surrounded with a brown 
halo on the upper surface of a leaf; B, magnified (10x) lesions on the upper surface of a leaf; C. 
magnified lesions on the lower surface of a leaf. 
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Figure 2.6. A water-soaked lesion caused by Xanthomonas cucurbitae on a pumpkin fruit 
(cultivar Magic Lantern).   
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Figure 2.7. A, water-soaked lesions caused by Xanthomonas cucurbitae, on an unripe pumpkin 
fruit (cultivar Magic Lantern); B, magnified (10x) lesion on an unripe pumpkin fruit. 
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Figure 2.8. A, water-soaked lesions, caused by Xanthomonas cucurbitae, on a ripe pumpkin fruit 
(cultivar Magic Lantern); B, magnified (5x) lesions on a ripe pumpkin fruit.  
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Figure 2.9. PCR product of Xanthomonas cucurbitae following amplification with primers 
RST2 (5'AGGCCCTGGA AGGTGCCCTGGA3') and RST3 (5'ATCGCACTGCGTACCGCGC 
GCGA3'). Produced amplicon was 1.4 kb with all of the isolates tested. 
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CHAPTER 3 
 
PATHOGENIC AND GENETIC VARIATIONS AMONG ISOLATES OF 
XANTHOMONAS CUCURBITAE FROM ILLINOIS 
 
ABSTRACT 
 
This study assessed pathogenic and genetic variations among Xanthomonas cucurbitae isolates 
collected from pumpkin fields in Illinois during 2009-2011. Sixty two isolates of X. cucurbitae 
were tested for their virulence. The isolates were cultured on Luria-Bertani (LB) agar medium 
and bacterial suspension of each isolate was prepared from 3-day-old cultures in sterilized 
distilled water (SDW). Inoculum density of the suspension was adjusted to 10
7
 CFU/ml. Leaves 
of 3-week-old plants of pumpkin cultivar Howden were inoculated by infiltration of 0.5 ml of the 
inoculum by making 5 shots on the abaxial side of each leaf. Inoculated plants were placed in a 
greenhouse at 24-28°C. Development of water-soaked lesions on leaves was recorded every 12 
hr beginning  48 hr post inoculation until 120 hr post inoculation. There was a significant 
difference (P = 0.001) in the duration for development of water-soaked lesions following 
inoculation. In another experiment, genetic variation among 75 X. cucurbitae isolates, which had 
been isolated from different regions in Illinois, different plant parts (leaf and fruit), and different 
types of lesions, were studied using double-digest restriction-site associated DNA sequencing 
(RADSeq) method. Genomic DNA was extracted using guanidium thiocyanate and digested by 
two restriction enzymes, SacI and MspI. Enzyme-digested DNA fragments of each isolate were 
ligated to adapter 1 and adapter 2. Ligated DNA fragments in size of 200 to 500 base pair were 
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separated in agarose gel using electrophoresis. The fragments were sequenced on Illumina 
HiSeq2000 for 100 nucleotides (nt) single-end reads. Sequenced reads (100 nt) of the isolates 
were aligned to the reference genome of Xanthomonas campestris ATCC strain 33913. Short 
nucleotide polymorphism (SNP) was detected in isolates using aligned sequences and genetic 
distance matrix created. Using distance matrix, clustering of the isolates was generated by 
software R x64.3.0. The isolates were grouped into four clusters in 0.08 dissimilarity index. 
Cluster I with 57 isolates was the main cluster. Clusters II, III, and IV had seven, three, and eight 
isolates, respectively. Genetic variation was not correlated to geographical origin of isolates, 
source of the isolate (leaf or fruit), or the type of lesion on the leaves.  
 
MATERIALS AND METHODS 
 
Virulence of X. cucurbitae isolates 
Inoculum preparation. Sixty two X. cucurbitae isolates which were isolated from different 
regions in Illinois, plant parts (leaf and fruit), and lesion type during 2009-2011, were tested to 
determine their virulence on pumpkin cultivar Howden in a greenhouse. ATCC strain 23378 of 
X. cucurbitae and sterilized distilled water (SDW) were used as positive and neutral controls, 
respectively. Bacterial isolates were cultured on Luria-Bertani (LB) agar medium in Petri plates 
in the dark at 24 ± 1°C for 3 days. Bacterial inoculum of each isolate was prepared by washing 
bacterial colonies with SDW into a beaker, and density of the inoculum was adjusted to 10
7
 
CFU/ml using a spectrophotometer (Smart Spec 3000; Bio-Rad, Philadelphia, PA) at OD 600.  
  
Plant inoculation and development of symptoms. A modified method reported by Katagiria, et 
al. (2002) was used in this experiment. Seeds of pumpkin cultivar Howden were sown in pots (20 
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cm in diameter) and pots were placed in a greenhouse at 24-28°C. Three weeks after sowing 
seeds, plants with fully developed true leaves were inoculated. Each isolate was inoculated into 
the abaxial sides of two leaves of each of three plants (a total of six leaves for each isolate). 
Using a 10-ml syringe, 0.5 ml inoculum was infiltrated into 5 spots of each leaf. Inoculated 
plants were placed in a greenhouse at 24-28°C. This experiment was performed in a completely 
randomized design with three replications (one plant per replication). This experiment was 
repeated once. Development of water-soaked tissues in the injected area was recorded every 12 
hr. beginning 48 hr. post inoculation until five days post inoculation. Hours post inoculation 
(hpi) for development of water-soaked lesions was used for determining virulence of the isolates. 
 
Data analysis. Data (hpi) were analyzed using MIXED and GLM procedures of SAS 9.3 (SAS 
Institute Inc. Cary, NC). Data were square root transformed before analysis. Normality of the 
data was examined with the Shapiro-Wilk test (alpha = 0.01) using UNIVARIATE procedure. 
Averages of hpi were compared using Fisher’s protected least significant difference (LSD) at P = 
0.05 in MACRO PDMIX800 (Saxton 1998).  
 
Genetic variation among X. cucurbitae isolates from Illinois 
Genetic variation among isolates of X. cucurbitae from Illinois was studied using double digest 
restriction-site associated DNA sequencing (RADSeq) method, as described below. 
  
Extraction of whole genome DNA of bacterial isolates. Bacterial DNA was extracted using 
guanidium thiocyanate methods (Rademaker and de Bruijn, 1997; Pitcher et al. 1989; Schaad et 
al. 2001). Seventy three X. cucurbitae isolates collected from leaves and fruit in Illinois during 
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2009- 2011, were used in this study. Escherichia coli (E. coli) was included as outlier. Bacterial 
isolates were cultured on LB agar medium and incubated in the dark at 24±1°C for 48 hr. One 
loopful of bacterial cells was suspended in 1 ml µl of resuspension buffer (RB) (0.15 M NaCl, 
0.01 M EDTA, with pH 8.0). Bacterial cells were pelleted by centrifugation at16,000 g for 2 min 
using a centrifuge (Eppendorf  5417c, Brinkmann Instruments Inc., Westburg, NY), and 
supernatant was removed using a 1,000 µl pipette tip. Bacterial pellets were then resuspended in 
100 µl of Tris EDTA (TE) buffer (10 mM Tris, 1 mM EDTA, with pH 8.0). Additional cell lysis 
was applied to lyse the xanthan polysaccharide by adding 15 µl of lysozyme (10 mg/ml) (Fisher 
Scientific, #BP535-1) into bacterial suspension and incubating at 37°C for 30 min. Bacterial cells 
were pelleted by centrifugation at 16,000 g for 1 min, supernatant was removed, and the pellets 
were resuspended  in 100 µl TE buffer. Then, 500 µl Guanidium thiocyanate–EDTA-Sarkosyl 
(GES; 60 g guanidium thiocyanate, sigma #G-9277, 20 ml 0.5M EDTA with pH 8.0, and 20 ml 
SDW) was added to the each vial and was shaken gently. After incubating the vials on ice for 5 
min, 250 µl cold (-20°C) ammonium acetate (7.5 M) was added to the vials, which were then 
gently agitated and incubated on ice for 5 min. Five microliters of RNase A (1mg/ml) was added 
to the each vials, and the vials were incubated at 37°C for 30 min. Then 500 µl of chloroform-
isoamyl alcohol (24:1, v/v) was added, and the vial was shaken vigorously until the solution 
turned milky. The vials were centrifuged at 16,000 g for 10 min to separate the upper phase from 
the lower phase. Upper phase was transferred into a vial containing 375 µl cold (-20°C) 
isopropanol. The vials were shaken very gently until a white cloud of DNA became visible. 
DNA was pelleted by centrifugation at 16,000 g for 10 min. Supernatant was removed 
completely and 150 µl of 70% ethanol was added and centrifuged at 16,000 g for 1 min. 
Supernatant was removed completely and DNA pellet was dissolved in 100 µl TE. The amount 
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of DNA was determined by comparing with pre-calculated λ DNA (Promega Corp., Madison, 
WI) and 1 kb DNA ladder by electrophoresis through 1% agarose gel in 1× Tris-acetate EDTA 
(TAE) buffer stained with ethidium bromide. The agarose gel was visualized under UV light and 
documented after electrophoresis. Quality of extracted DNA was determined using a NanoDrop 
ND 2000 spectrophotometer (Thermo Scientific Inc.).  
 
Restriction endonuclease digestion of whole genome DNA. One microgram of DNA of each 
isolate was digested in 50 µl reaction mixture containing 5 µl 10x NEB3 buffer (New England 
BioLabs, # B7003S), 0.5 µl 100x BSA  (New England BioLabs, # B9001S ), 33.5 µl H2O and 5 
units of each of two restriction endonucleases including MspI (New England BioLabs, 
#R0106T),  and SacI (New England BioLabs, #3156M). Digestion was performed at 37°C for 4 
hr and enzymes were inactivated by incubating at 80°C for 20 min. Digested DNAs were run in 
1% agarose-gel containing ethidium bromide at 100 volts for 60 min, and visualized under 
ultraviolet (UV) light (Figure 3.1). 
 
Preparation of adapters. All the single stranded oligonucleotides, requiring making adapters 
(Table 3.2 and 3.3) were made in Bioneer® (Bioneer Inc., Alameda, CA). To make double 
stranded (ds) adapters from single stranded (ss) oligonucleotides, 10 µl of each of top and bottom 
complementary (ss) oligonucleotides, 10 µl of 10x annealing buffer (100 mM Tris pH 8, 10 mM 
EDTA, and 50 mM NaCl), and 70 µl nuclease-free sterile water were mixed in a 500 µl vial. The 
vials were heated up to 96°C, then cooled down to room temperature without using a cooler and 
stored at -20°C. Twelve different barcodes for adapter 1 and eight different indices for adapter 2 
were used (Table 3.2 and 3.3). 
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Ligation of oligonucleotide adapter to the enzyme-digested DNA fragments. Enzyme-
digested DNA fragments of each isolate were ligated to adapter 1 and adapter 2. Ligation was 
performed in a 50 µl reaction mixture containing 30 µl of digested DNA, 8 µl of 0.1µM adapter 
1, 2 µl of 10x NEB3, 1 µl of 10 µM adapter 2, 5 µl of 10 mM Adenosine 5´ triphosphate (ATP) 
(New England BioLabs, #P0756L), 1.25 µl concentrated T4 DNA ligase (400 U/ µl) (New 
England BioLabs, # M0202L), and 2.75 µl nuclease free sterile water. The reaction vials were 
incubated at 4°C for 18 hr and heated for 65°C for 20 minutes for inactivation of T4 DNA ligase. 
 
RADSeq tag Amplification/Enrichment PCR. Adapter-ligated DNA fragments were enriched 
by PCR amplification. PCR amplification was conducted using a thermal cycler machine (PCT-
200, MJ Research Inc., Waltham, MA) with primers PCR1 Forward (5´AATGATACG 
GCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT3´) and PCR2 
Reverse (5´-CAAGCAGAAGACGGCATACGA-3´). The reaction was performed in 40 µl 
volume, which contained 20 µl Phusion High-Fidelity PCR Master Mix with HF Buffer (New 
England BioLabs, # M0531S), 0.8 µl of each primer (10 µM), 12.4 µl of nuclease-free water, and 
6 µl of ligated DNA of each isolate. PCR cycle conditioning included initial denaturation at 98°C 
for 30 sec; 17 cycles of denaturing at 98°C for 10 sec, annealing at 65°C for 30 sec, and 
extension at 72°C for 30 sec; followed by a final extension step at 72°C for 30 sec, and samples 
were kept at 4°C until analysis.  
 
Size selection using agarose gel electrophoresis. Entire PCR product was run with 6x loading 
dye on 1.25% agarose gel containing ethidium bromide at 110 volts for 70 min and visualized 
under UV light. Size of the DNA fragments was determined by using 100 bp DNA ladder. Under 
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the illumination of UV light, DNA fragments of between 200 and 500 bp were cut using a clean 
razor blade and transferred to a sterile 1.5 ml vial (Figure 3.1). 
 
Purification of the DNA fragments. DNA inside the agarose gel was recovered using Wizard 
SV gel and PCR Clean-Up system (Promega, Madison, WI), and DNA was eluted in 18  µl 
nuclease-free water, and preserved at -20°C for the future studies. 
 
Quantification of DNA concentration using Qubit® 2.0 Fluorometer. Two hundred µl of 
DNA suspension was prepared following the instruction provided by Qubit™ dsDNA BR Assay 
Kits (Invitrogen, # Q32850) and concentration of the DNA were measured in Qubit® 2.0 
Fluorometer, using the equation provided by the kit. DNA concentration of the sample= QF 
value × (200/ X); where, QF value = the value given by the Qubit® 2.0 Fluorometer and X= the 
number of microliters of sample added to the assay vial. 
 
Pooling of DNA libraries. Based on the concentration obtained from Qubit dsDNA BR assay, 
DNA of each isolate was normalized to 10 nM. In order to make a X. cucurbitae genome pool, 1 
µl of 10 nM of each sample DNA were added together, and mixed well by pipetting. In total, 75 
isolates of X. cucurbitae along with ATCC strain 23378 of X. cucurbitae and E. coli were pooled 
and subjected to sequencing at one flow cell lane. The pooled DNA libraries were submitted to 
the High-Throughput Sequencing and Genotyping Unit of the Biotechnology Center of the 
University of Illinois, Urbana-Champaign. Sequencing runs were performed on Illumina 
HiSeq2000 for 100 nucleotides single-end reads sequencing.   
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Analysis of sequence reads. Quality of the generated sequence data in eight sequenced libraries 
including median and distribution of the quality scores (Solexa scores) at each sequence position 
of 100 bp were checked in the Illumina provided file. Individual libraries of isolates were 
determined and separated from the pooled samples by their 4-base or 5-base prefix barcode. The 
fastq reads were aligned to the reference genome of X. campestris ATCC strain 33913 using 
Novoalign software. Default settings of novoalign take into account adaptor trimming and 
quality control to include reads with Phred quality scores greater than 10.  Average portion of 
raw reads that were aligned to the reference genome were 2,539,221 nt. Software SAMtools was 
used to convert multiple alignments into standard SAM/BAM format and create a pileup file 
from the aligned reads (Cormie et al., 2013; Li et al., 2009; Peterson et al., 2012). Resulting bam 
were also indexed using SAMtools index for further downstream analysis.   
 
Calling short nucleotide polymorphism (SNP). Using software FreeBayes which has an option 
for calling SNP on haploid genomes such as bacteria, analysis of SNP data was done on each 
isolate’s aligned file (BAM files). For each isolate, a variant call format (VCF) file was created. 
Positions with insertion/deletion polymorphisms were ignored. VCFtools software was used to 
process the SNP statistics and density. All of the VCF files were merged together for the next 
process (Holt et al., 2009: Ratan, 2010: Vallania et al, 2010).  
 
Creating distance matrix and cluster. The merged VCF file was converted to Plink format 
using software p-link from which genetic distance matrix (identity by descent) was created based 
on the SNPs of the isolates. Then, the isolates were clustered using software R x64.3.0 in hclust 
package.  
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RESULTS 
Pathogenic variation  
There was significant (P = 0.001) differences in hpi for development of water-soaked lesions on 
leaves among the X. cucurbitae isolates. Water-soaked lesions developed from 48 hr until 108 hr 
after inoculation. ATCC strain 23378 of X. cucurbitae with the average of 108 hpi of water-
soaked lesion development was the least virulent. Isolates XC-394 and XC-1076 with 48 hpi of 
water-soaked lesion development were the most virulent isolates (Table 3.1). However, 120 hr 
after inoculation, all inoculated leaves had water-soaked necrotic lesions.  
 
Genetic variation 
X. cucurbitae isolates were grouped into three clusters. In 0.08% dissimilarity, three clusters (I, 
II, III, and IV) were generated. Cluster I with 57 isolates, including ATCC strain 23378 of X. 
cucurbitae, was the main cluster and comprised from different regions (Figure 3.2). Clusters II, 
III, and IV comprised of seven, three, and eight isolates, respectively.  
 
 
DISCUSSION 
  
To our knowledge, this is the first report on determining the virulence of X. cucurbitae isolates. 
Although there was significant difference in development of water-soaked lesions in leaves 
within 108 hpi, all of the inoculated leaves developed water-soaked lesions 5 days after 
inoculation. Since X. cucurbitae is a seed-borne pathogen, determining virulence of isolates of 
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the pathogen from different cucurbit growing areas, especially seed producing regions, could 
help in developing effective strategies for managing bacterial spot disease.  
 
Also to our knowledge, this is the first report of genetic variation in X. cucurbitae. Genetic 
analysis of 75 isolates of X. cucurbitae from pumpkin fields in Illinois showed four clusters 
among the isolates. Testing isolates of X. cucurbitae from other cucurbit crops and other cucurbit 
growing areas could determine more clusters of the pathogen. In this study, no significant 
correlation was found between the geographical origin (different region in Illinois) or the lesion 
types on plant and genetics of the pathogen. Studies in other pumpkin growing areas may show 
correlation between geographical origin and genetics of X. cucurbitae. 
   
There was no correlation between the virulence and genetic clustering of X. cucurbitae isolates.  
In this study, genetic variation of the whole genome was studied, while the part of the genome in 
which virulence genes are located comprises only 0.5% the genome (25 kb out of 5Mb of whole 
genome). Finding a correlation between virulence and genetic of the X. cucurbitae isolates, 
would be more likely if analysis was restricted to virulence genes. 
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TABLES AND FIGURES 
 
Table 3.1. Virulence of Xanthomonas cucurbitae isolates from pumpkin fields in Illinois. 
Isolate  Field location (county) 
Year 
collected  
Plant 
part
x 
hpi of  
water-soaked lesion
y 
XC-ATCC-
23377z 
   
10.23 a 
XC-743 Vegfarm(Champaign) 2011 Leaf 10.07 ab 
XC-538 Boggio's Orchard (Putnam) 2010 Fruit 10.05 a-c 
XC-158 Royal Oak Farm (McHenry) 2009 Fruit 9.99 a-d 
XC-546 Hampshire (Kane) 2010 Fruit 9.75 a-e 
XC-602 Mildstadt (St. Clair) 2010 Fruit 9.74 a-f 
XC-194-1 Malta (Dekalb) 2009 Fruit 9.71 a-g 
XC-598 Mildstadt (St. Clair) 2010 Leaf 9.64 a-h 
XC-1119 Alpha (Henry) 2011 Fruit 9.64 a-h 
XC-744 Vegfarm(Champaign) 2011 Leaf 9.57 a-i 
XC-128 Brussels (Calhoun) 2009 Fruit 9.56 a-j 
XC-231-2 Brussels (Calhoun) 2010 Leaf 9.55 a-j 
XC-344-1 Gridley (McLean) 2010 Leaf 9.55 a-j 
XC-737 Alomo farm (Wayne) 2011 Leaf 9.53 a-j 
XC-936 Arthur (Douglas) 2011 Fruit 9.53 a-j 
XC-694-2 Belleville (St. Clair) 2011 Leaf 9.49 a-j 
XC-703 Neponset (Putnam) 2011 Leaf 9.49 a-j 
XC-622 Malta (Dekalb) 2010 Fruit 9.47 a-j 
XC-724 Brussels (Calhoun) 2011 Leaf 9.43 a-k 
XC-505 Alpha (Henry)  2010 Fruit 9.36 a-l 
XC-1213 IL-Halat-5 2011 Fruit 9.33 b-m 
XC-745 Vegfarm(Champaign) 2011 Leaf 9.32 b-m 
XC-153 Ursa (Adams) 2009 Fruit 9.26 b-n 
XC-1193 Gridley (McLean) 2011 Fruit 9.23 b-n 
XC-224 Grant Park (Kankakee) 2009 Leaf 9.18 b-o 
XC-1294 Vegfarm(Champaign) 2011 Fruit 9.18 c-o 
XC-349-2 Grafton (Jersey) 2010 Leaf 9.16 d-o 
XC-726 MtVernon (Jefferson) 2011 Leaf 9.11 d-o 
XC-740 Alomo farm (Wayne) 2010 Leaf 9.08 e-o 
XC-515 Springfield (Sangamon) 2010 Fruit 9.07 e-o 
XC-109 Alomo farm (Wayne) 2009 Fruit 9.05 e-o 
XC-300 MtVernon (Jefferson) 2010 Leaf 8.97 e-p 
XC-222 Grant Park (Kankakee) 2010 Leaf 8.9 e-q 
XC-1214 Stark (Kane) 2011 Fruit 8.86 f-q 
XC-1203 Davis(Olge) 2011 Fruit 8.83 g-r 
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Table 3.1. Continued. 
Isolate  Field location (county) 
Year 
collected 
Plant 
part
x 
hpi of  
water-soaked lesion
y 
XC-791 Neponset (Putnam) 2010 Leaf 8.82 h-s 
XC-710 Neponset (Putnam) 2011 Leaf 8.81 h-s 
XC-820 Arthur (Douglas) 2011 Fruit 8.76 h-s 
XC-741 Alomo farm (Wayne) 2011 Leaf 8.74 i-t 
XC-1186 Princeville (Peoria) 2011 Fruit 8.68 j-t 
XC-928 Channahon(Grundy) 2011 Fruit 8.58 k-u 
XC-309 MtVernon (Jefferson) 2010 Leaf 8.57 k-u 
XC-198 Gridley (McLean) 2009 Fruit 8.56 k-u 
XC-183 Kenn Hall (Winnebago) 2011 Fruit 8.52 l-u 
XC-191 Alpha (Henry) 2009 Fruit 8.45 m-u 
XC-201-2 Vegfarm(Champaign) 2009 Leaf 8.45 m-u 
XC-261 Alpha (Henry)  2010 Leaf 8.4 n-u 
XC-813 Arthur (Douglas) 2011 Fruit 8.34 o-v 
XC-750 Alomo farm (Wayne) 2011 Leaf 8.31 o-w 
XC-723 Brussels (Calhoun) 2010 Leaf 8.31 o-w 
XC-1065 Belleville (St. Clair) 2011 Leaf 8.16 p-w 
XC-661 Alpha (Henry) 2010 Leaf 8.05 q-x 
XC-695 Belleville (St. Clair) 2010 Leaf 7.96 r-x 
XC-848 Arthur (Douglas) 2011 Fruit 7.93 s-x 
XC-575 Quincy (Adams) 2010 Fruit 7.86 t-y 
XC-114 Kuipers orchard (Kane) 2009 Fruit 7.78 u-y 
XC-1027 Rock Falls (Whiteside ) 2011 Fruit 7.73 u-y 
XC-1240 Brussels (Calhoun) 2011 Fruit 7.49 v-y 
XC-394-1 Grant Park (Kankakee) 2011 Leaf 7.44 w-y 
XC-211 Neponset (Putnam) 2009 Leaf 7.22 xy 
XC-625 Alpha (Henry)  2010 Fruit 7.22 xy 
XC-394 Grant Park (Kankakee) 2010 Fruit 7 y 
XC-1076 MtVernon (Jefferson) 2011 Fruit 7 y 
x 
Plant part (leaf and fruit) from which X. cucurbitae was isolated. 
y 
Hours after which water-soaked lesions developed on leaves of pumpkin cultivar Howden. Data are 
square root transformed LS-means of hpi data. Values with a letter in common are not significantly 
different from each other according to the Fisher protected LSD (P = 0.05).  
 z 
X. cucurbitae strain 23377 of American Type Culture Collection was used as positive control.
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Table 3.2. List of Adapter 1 used as barcode. 
Adapter 1 Code Barcode Sequence 
Barcode 1 Ad1t-1 ctcc GATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTctccAGCT 
Ad1b-15 ctcc ggagAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATC 
Barcode 2 Ad1t-2 tgcc GATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTtgccAGCT 
Ad1b-16 tgcc ggcaAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATC 
Barcode 3 Ad1t-3 agta GATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTagtaAGCT 
Ad1b-17 agta tactAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATC 
Barcode 4 Ad1t-4 caga GATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTcagaAGCT 
Ad1b-18 caga tctgAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATC 
Barcode 5 Ad1t-5 aact GATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTaactAGCT 
Ad1b-19 aact agttAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATC 
Barcode 6 Ad1t-6 gcgt GATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTgcgtAGCT 
Ad1b-20 gcgt acgcAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATC 
Barcode 7 Ad1t-7 tgcga GATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTtgcgaAGCT 
Ad1b-21 tgcga tcgcaAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATC 
Barcode 8 Ad1t-8 cgat GATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTcgatAGCT 
Ad1b-22 cgat atcgAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATC 
Barcode 9 Ad1t-9 cgctt GATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTcgcttAGCT 
Ad1b-23 cgctt aagcgAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATC 
Barcode 10 Ad1t-10 tcacc GATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTtcaccAGCT 
Ad1b-24 tcacc ggtgaAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATC 
Barcode 11 Ad1t-11 ctagc GATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTctagcAGCT 
Ad1b-25 ctagc gctagAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATC 
Barcode 12 Ad1t-12 acaag GATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTacaagAGCT 
Ad1b-26 acaag cttgtAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATC 
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Table 3.3. List of Adapter 2 used as Index. 
Index 
number 
 Code Index  Sequence 
Index 1 Ad2-Tru1-t atcacg CGGATCGGAAGAGCACACGTCTGAACTCCAGTCACATCACGATCAGAACAA 
Ad2-Tru1-b atcacg 
CAAGCAGAAGACGGCATACGAGATCGTGATGTGACTGGAGTTCAGACGTGTGCTCTTCCG
ATC 
Index 2 Ad2-Tru2-t cgatgt CGGATCGGAAGAGCACACGTCTGAACTCCAGTCACCGATGTATCAGAACAA 
Ad2-Tru2-b cgatgt 
CAAGCAGAAGACGGCATACGAGATACATCGGTGACTGGAGTTCAGACGTGTGCTCTTCCG
ATC 
Index 3 Ad2-Tru3-t ttaggc CGGATCGGAAGAGCACACGTCTGAACTCCAGTCACTTAGGCATCAGAACAA 
Ad2-Tru3-b ttaggc 
CAAGCAGAAGACGGCATACGAGATGCCTAAGTGACTGGAGTTCAGACGTGTGCTCTTCCG
ATC 
Index 4 Ad2-Tru4-t tgacca CGGATCGGAAGAGCACACGTCTGAACTCCAGTCACTGACCAATCAGAACAA 
Ad2-Tru4-b tgacca 
CAAGCAGAAGACGGCATACGAGATTGGTCAGTGACTGGAGTTCAGACGTGTGCTCTTCCG
ATC 
Index 5 Ad2-Tru5-t acagtg CGGATCGGAAGAGCACACGTCTGAACTCCAGTCACACAGTGATCAGAACAA 
Ad2-Tru5-b acagtg 
CAGCAGAAGACGGCATACGAGATCACTGTGTGACTGGAGTTCAGACGTGTGCTCTTCCGAT
C 
Index 6 Ad2-Tru6-t gccaat CGGATCGGAAGAGCACACGTCTGAACTCCAGTCACGCCAATATCAGAACAA 
Ad2-Tru6-b gccaat 
CAAGCAGAAGACGGCATACGAGATATTGGCGTGACTGGAGTTCAGACGTGTGCTCTTCCG
ATC 
Index 7 Ad2-Tru7-t cagatc CGGATCGGAAGAGCACACGTCTGAACTCCAGTCACCAGATCATCAGAACAA 
Ad2-Tru7-b cagatc 
CAAGCAGAAGACGGCATACGAGATGATCTGGTGACTGGAGTTCAGACGTGTGCTCTTCCG
ATC 
Index 8 Ad2-Tru8-t acttga CGGATCGGAAGAGCACACGTCTGAACTCCAGTCACACTTGAATCAGAACAA 
Ad2-Tru8-b acttga 
CAAGCAGAAGACGGCATACGAGATTCAAGTGTGACTGGAGTTCAGACGTGTGCTCTTCCGA
TC 
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FIGURES 
 
 
Figure 3.1. Size selection of DNA fragments digested by restriction enzymes. DNA fragments of 
between 200 and 500 bp were selected for sequencing. 
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Figure 3.2. Cluster dendrogram generated by software R x64.3.0. using similarity matrix of SNP data resulted by RADseq.   
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CHAPTER 4 
 
HOST RANGE OF XANTHOMONAS CUCURBITAE  
 
ABSTRACT 
 
Bacterial spot, caused by the bacterium Xanthomonas cucurbitae, is an important disease of 
pumpkin. This study assessed host range of X. cucurbitae. Fifty plant species, including crops 
and weeds, in the families Amaranthaceae, Brassicaceae, Chenopodiaceae, Cucurbitaceae, 
Gramineae, Leguminosae, Liliaceae, Malvaceae, Purtulaceae, Solanaceae, and Umbelliferae 
were tested in a greenhouse for their susceptibility to X. cucurbitae. Bacterial suspensions were 
prepared from 3-day old X. cucurbitae cultured on Luria-Bertani (LB). Leaves of 3- to 4-week 
old plants were inoculated with 10
8
 CFU/ml bacterial suspensions. Inoculated plants were 
maintained in a greenhouse at 24-28°C for up to 30 days. Development of symptoms (water-
soaked and necrotic lesions) on the leaves was recorded daily. Also, cucumber fruit were 
inoculated by spraying the bacterial suspension (10
8
 CFU/ml) onto the fruit. All of the plant 
species in Cucurbitaceae family developed symptoms and X. cucurbitae was isolated from the 
lesions 20 days after inoculations. None of the species from other plant families developed 
symptoms. In another study, susceptibility of 89 USDA accessions of pumpkin and squash 
(Cucurbitae pepo) to X. cucurbitae was assessed in a greenhouse. There was significant (P = 
0.001) difference in disease severity of leaves among the accessions. In 2012, nine USDA 
accessions and 17 commercially grown cultivars of pumpkin were tested for their susceptibility 
to X. cucurbitae in an irrigated field. Seeds were sown on 18 May, in a greenhouse and 18-day-
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old seedlings were transplanted on 6 June. A mixture of bacterial suspensions (10
8
 CFU/ml) of 
five isolates of X. cucurbitae was sprayed onto leaves on 31 July (at vining growth stage). 
Another spray-inoculation with a bacterial suspension (10
8
 CFU/ml) of five isolates of X. 
cucurbitae onto leaves and fruit was carried out on 24 August (at fruit ripening). Severity of 
bacterial lesions on leaves was assessed on 10 August (10 days after the first inoculation) and on 
fruit on 7 September (2 weeks after the second inoculation). Disease severity on leaves was 
significantly (P = 0.001) different among the accessions and cultivars tested. Disease severity on 
fruit was not significantly (P = 0.1) different among the accessions and cultivars. 
 
MATERIALS AND METHODS 
 
Plant species tested 
Fifty plant species (crops and weeds) in 11 plant families, including Amaranthaceae, 
Brassicaceae, Chenopodiaceae, Cucurbitaceae, Gramineae, Leguminosae, Liliaceae, Malvaceae, 
Purtulaceae, Solanaceae, and Umbelliferae were tested to determine their susceptibility to X. 
cucurbitae (Table 4.1). Plant seeds were sown in plastic pots (15 cm diameter) containing a mix 
of soil:peat:perlite at 1:2:1, placed in a greenhouse at 24-28°C, and watered twice per day. 
Leaves of 2- to 3-week old plants were inoculated with bacterial suspension.  
 
Preparing X. cucurbitae inoculum  
To prepare inoculum of X. cucurbitae, isolates were streaked onto Luria-Bertani (LB) agar 
medium in Petri plates (100 mm diameter) and the plates were incubated in the dark at 24 ± 1°C 
for 3 days. Bacterial inoculum was prepared by washing bacterial colonies with sterilized 
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distilled water (SDW) into a beaker and the density of the suspension was adjusted to 10
8
 
CFU/ml using a spectrophotometer (Smart Spec 3000; Bio-Rad, Philadelphia, PA) at OD 600 
(Goto et al., 1980; Schaad et al., 2001). A mixed inoculum (equal volume) of five different 
isolates of X. cucurbitae, including isolates XC- 211, XC- 261, XC- 619, XC- 620, and 224 
collected from five different areas of Illinois, was used for inoculation of plants. Positive and 
neutral control plants were inoculated with ATCC strain 23378 and SDW, respectively. 
 
Plant inoculation  
Plants with cylindrical and pinnate leaves including chives (Allium schoenoprasum), carrot 
(Daucus carota), spinach (Spinacia oleracea), celery (Apium graveolens), and onion (Allium 
cepa) were inoculated by spraying the inoculum onto the leaves. Ten milliliters of inoculum 
were sprayed onto each plant using a hand sprayer (Nu-Dell Mfg Co., Desplain, IL). Plants with 
broad leaves were inoculated by infiltration of 0.5 ml of bacterial suspension into the abaxial side 
of the leaf using a 10 ml syringe. For each plant species, three plants and two leaves on each 
plant, and five shots per leaf were inoculated (Barak et al., 2001; Vanneste et al., 1990). 
Inoculated plants were placed in a greenhouse at 24-28°C for up to 30 days. Development of 
symptoms (water-soaked and necrotic lesions) was recorded daily. This experiment was repeated 
once. Also, three cucumber fruit were inoculated by spraying each fruit with 2 ml of 10
8
 CFU/ml 
bacterial suspension. 
 
Reisolation of X. cucurbitae from inoculated plants 
Symptomatic leaves were collected from inoculated plants. Leaf surfaces were disinfested by 
gentle rubbing with a blotter soaked in 99% ethanol. The area with lesions was excised (pieces 5 
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mm in diameter) using a sterile scalpel in a laminar flow hood. Each leaf piece with a single 
lesion was transferred into a 1.5 ml microcentrifuge tube containing 1 ml SDW. The tube was 
vortexed (Thermolyn Maxi Mix ®II, Barnstead International, IW) for 30 sec and then a loopful 
of the suspension was streaked onto the kasugamycin-cephalexin (KC) agar medium in 100 mm 
Petri plates (Pruvost et al., 2010).  KC-agar medium contained 7 g yeast extract, 7 g peptone, 7 g 
glucose, and 18 g agar, 20 mg propiconazol fungicide, 40 mg cephalexin, and 20 mg 
kasugamycin in 1,000 ml distilled water. The plates were incubated in the dark at 24 ± 1°C. After 
3 days, Xanthomonad-like yellow colonies were subcultured by streaking onto the LB agar 
medium in 100 mm Petri plates. Identification of the isolates was accomplished by culturing  on 
yeast dextrose calcium carbonate (YDC) agar medium and a PCR test using primers RST2/3 
(5'AGGCCCTGGAAGGTGCCCTGGA3' and 5'ATCGCACTGCGTACCGCGCGCGA3') (Goto 
et al., 1980; Schaad et al., 2001). 
 
Assessing susceptibility of USDA accessions to X. cucurbitae in the greenhouse 
Eighty nine USDA accessions of Cucurbitae pepo (pumpkin and squash), collected from 
different countries around the world (Table 4.2), were tested for their susceptibility to X. 
cucurbitae in a completely randomized design with four replications. Seeds were sown in 20 cm 
pots (one seed per pot) containing a potting mix (soil:peat:perlite at 1:2:1) in a greenhouse. The 
pots were placed in a greenhouse at 24-28°C. A mixed inoculum of five bacterial isolates was 
prepared as previously described. Plants were inoculated by inserting foliage of plants (in upside 
down condition) into the bacterial inoculum (10
8
 CFU/ml) inside a 10 liter bucket and were 
gently moved inside the inoculum for 20 sec. Each inoculated plant was covered with a plastic 
bag for 24 hr to provide high humidity to establish infection. Inoculated plants were placed in the 
greenhouse at 24-28°C. Five days after inoculation, severity of bacterial lesions was assessed on 
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the leaves using a scale of 0-7, 0 = 0, 1 = 1, 2 = 2-5, 3 = 6-15, 4 = 16-30, 5 = 31-50, 6 = 51-70, 
and 7 = 71-100% of leaf surface with lesions. For each accession, four plants, and 2 leaves on 
each plant, were evaluated for severity of bacterial lesions. 
 
Assessing susceptibility of pumpkins and squashes to X. cucurbitae in the field 
In 2012, nine USDA pumpkin and squash accessions (Cucurbita pepo) and 17 commercially 
grown pumpkin cultivars (Table 4.3) were assessed for their susceptibility to X. cucurbitae in a 
field. The study was conducted in a completely randomized block design with three replicated 
plots (15 plants per plot). Seeds were sown on 18 May in a greenhouse and seedlings were 
transplanted on 6 June to the field. Plants were inoculated on 31 July (at vining growth stage) 
and on 24 August (at fruit ripening growth stage). Leaves and fruit were sprayed with a mixed 
inoculum of five X. cucurbitae isolates (200 ml inoculum/m
2 
area) using a gas-engine powered 
backpack sprayer (SR400; Stihl, Virginia Beach, VA). Severity of bacterial lesions on leaves was 
assessed on 10 August (10 days after the first inoculation) and on fruit on 7 September (2 weeks 
after the second inoculation), using a scale of 0-7, 0 = 0, 1 = 1, 2 = 2-5, 3 = 6-15, 4 = 16-30, 5 = 
31-50, 6 = 51-70, and 7 = 71-100% of leaf or fruit surface with lesions.  
 
Data analysis 
Data were analyzed using the procedures for MIXED and GLM models of SAS 9.3 (SAS 
Institute Inc. Cary, NC). Normality of the data was examined with the Shapiro-Wilk test (alpha = 
0.01) using UNIVARIATE procedure. Least square (LS)-means of treatments were compared 
using Fisher’s protected least significant difference (LSD) at P = 0.05 in MACRO PDMIX800 
(Saxton 1998).  
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RESULTS 
 
Disease development on plant species  
Water soaked chlorotic and necrotic lesions developed in all inoculated plants in the family of 
Cucurbitaceae, including ‘Acorn’ squash (Cucurbita pepo), ‘burcucumber’ (Sicyos angulatus), 
‘Butternut’ squash (Cucurbita moschata), cantaloupe (Cucumis melo), carving pumpkin 
(Cucurbita maxima), cucumber (Cucumis sativus), gourd (Lagenaria siceraria), honeydew 
(Cucumis melo), muskmelon (Cucumis melo), pumpkin (Cucurbita pepo), squash (Cucurbita 
maxima) squash (Cucurbita argyrosperma ), watermelon (Citrullus lanatus), and zucchini 
(Cucurbita pepo). X. cucurbitae was isolated from the lesions 7, 15, and 20 days after 
inoculations.  
 
Lesions that developed on inoculated leaves of pumpkin cultivar Howden had a beige center with 
a yellow halo (Figure 4.1). Lesions on ‘Acorn’ squash, ‘Butternut’ squash, and zucchini, were 
similar to pumpkin cultivar Howden.  Lesions on cucumber leaves were gray translucent (up to 8 
mm in diameter) (Figure 4.2). On watermelon leaves, lesions were gray translucent with a brown 
halo, ranged from 4 to 8 mm in diameter (Figure 4.3). Lesions on gourd leaves were dark brown, 
with a yellow halo, 4 to 6 mm in diameter (Figure 4.4). As the lesions enlarged, they became 
darker.  Lesions on cucumber fruit had beige centers with a yellow halo, 1 to 4 mm in diameter 
(Figure 4.5).  
 
None of the inoculated plants of non-Cucurbitaceae families developed symptoms. In most of the 
species, hypersensitive reaction (HR) developed on leaves 1 to 5 days after inoculation (Table 
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4.1). HR on tomato and bean developed 1 day after inoculation (Figure 4.6). X. cucurbitae was 
reisolated from the HR lesions in 58% of the plants 7 days after inoculation. X. cucurbitae was 
isolated 15 days after inoculation from HR lesions in wild bean (Phaseolus vulgaris), black 
nightshade (Solanum nigrum), mustard (Synapis arvensis), onion (Allium cepa), pepper 
(Capsicum baccatum), radish (Raphanus sativus), snow pea (Pisum sativus), tomato (Solanum 
lycopersicum), and turnip (Brassica rapa). Concentration of bacterial cells in the HR lesion was 
very low 15 days after inoculation. No symptoms or HR developed on inoculated leaves of 
barley (Hordeum vulgar), carrot (Daucus carota), celery (Apium graveolens), corn (Zea maize), 
and wheat (Triticum aestivum) (Table 4.1). In addition, attempts to re-isolate X. cucurbitae from 
the inoculated leaves of these plants were unsuccessful.  
 
Susceptibility of USDA accessions and commercial pumpkins and squashes to X. cucurbitae  
All USDA accessions and commercial pumpkin cultivars tested in the greenhouse and field 
developed symptoms of bacterial spot (Table 4.2 and 4.3). There were significant differences (P 
= 0.001) in disease severity among the USDA accessions in the greenhouse (Table 4.2). Disease 
severity on leaves ranged from 0.72 to 28.9%. In twelve accessions including 615115, 601144, 
508467, 615102, 599994, 597784, 98075, 490274, 98131, 385969, 104548, 292014, the average 
disease severity was less than 2% (Table 4.2). Disease severity in the leaves of nine USDA 
accessions tested in the field was significantly (P = 0.05) different (Table 4.3). 
 
There was significant (P = 0.001) difference in severity of lesions in leaves among pumpkin 
cultivars in the field trial (Table 4.3). Disease severity of the leaves ranged from 4.19 to 15.53%.  
Four USDA accessions (C. pepo) including ‘Table King’ (accession: 98075), ‘White Bush’ 
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(accession: 292014), ‘Ambassador’ (accession: 385969), ‘Bushkin (accession: 601144)’, and 
four commercial pumpkin cultivars including ‘Congestoga Giant’ (C. maxima), ‘Dill's Atlantic 
Giant’ (C. maxima), ‘Pepita Gruesa’ (C. mixta), and Solid Gold (C. pepo) were less susceptible 
to the X. cucurbitae with leaf disease severity less than 6% (Table 4.3). There was no significant 
(P = 0.1) difference in disease severity on fruit either among the USDA accessions or among the 
commercial pumpkin cultivars.  
 
DISCUSSION 
 
The results of this study showed that X. cucurbitae infects only species in the Cucurbitaceae 
family, which agrees with the previous reports (Saddler and Bradbury, 2005; Williams and 
Zitter, 1998). These results also agree with the reports that species of the genus Xanthomonas 
have relatively limited host ranges and each pathogen usually infects plant species within a 
single family only. For example, X. campestris infects only plant species in the family of 
Brassicaceae, or host range of X. oryzea is limited to rice cultivars (Kado, 2010; Vauterin et al., 
1995; Vicente et al., 2001).  
 
X. cucurbitae has been reported on various cucurbit crops (Dutta et al., 2013; Pruvost et al., 
2009; Vincent-Sealy and Brathwaite, 1982; Williams and Zitter, 1998). No report on host-range 
of X. cucurbitae has been published. Thus, to our knowledge, this is the first report on 
determining host range of X. cucurbitae. In this study, all tested commercial cultivars of 
pumpkin, and USDA accessions, and weed species in the Cucurbitaceae family, were susceptible 
to X. cucurbitae. Thus, it can be inferred that all of domesticated and wild species of the family 
Cucurbitaceae are likely susceptible to X. cucurbitae. Also, X. cucurbitae likely survives in the 
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wild species and weeds in the Cucurbitaceae family from one growing season to the next, which 
could be important in providing primary inoculant to commercially grown cucurbits. Further 
studies are needed to determine the role of wild species and weeds in epidemiology if bacterial 
spot. 
 
Some non-host plants showed HR reaction to inoculation with X. cucurbitae, indicating existence 
of non-host resistance genes. This resistance is pathogen-associated molecular patterns (PAMPs) 
type of resistance, which triggers defense responses in non-host plants (Nurnberger and Lipka, 
2005). The genes enable plants to recognize the pathogen as an incompatible organism in plant-
microbe recognizing process and are not considered as host (Whalen et al., 1988).  
 
Symptoms observed on the pumpkin and squash plants were identical as previously reported 
(Blancard et al., 1994; Bryan, 1930; Vincent-Sealy and Brathwaite, 1982; Williams and Zitter, 
1998). However, none of the previous reports have provided an in-depth description of the 
symptoms caused by X. cucurbitae on cucurbits. This study reports differences in color and size 
of the symptoms on pumpkin, squash, cucumber, and watermelon. The results are expected to 
help in diagnosing infection by X. cucurbitae on different hosts.   
 
Significant (P = 0.001) differences in disease severity of leaves was found among the USDA 
pumpkin and squash accessions and commercial cultivars of pumpkin in the greenhouse and 
field. But, no significant (P = 0.1) differences were detected in disease severity of fruit. Since 
yield losses are directly related to fruit infection, further studies are needed to test all available 
accessions and commercially grown pumpkin and squash cultivars in the fields with a history of 
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bacterial spot and in conditions conducive for bacterial spot development to determine possible 
resistant accessions and/or cultivars to X. cucurbitae.   
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TABLES AND FIGURES 
 
Table 4.1. Susceptibility of plant species to Xanthomonas cucurbitae. 
   
 
Reisolation
v 
Family Common name Scientific name Symptom 
Day 
7 
Day 
15 
Day 
20 
Amaranthaceae Redroot pigweed
w
 Amaranthus retroflexus HR
x
 + - - 
 Pigweed
w
 Amaranthus tricolor HR + - - 
 Water hemp
w
 Amaranthus rudis HR + - - 
Brassicaceae Broccoli Brassica oleracea HR - - - 
 Wild Mustard
w
 Synapis arvensis HR + + - 
 Radish Raphanus sativus HR + + - 
 Turnip Brassica rapa  HR + + - 
 Kale Brassica oleracea HR + - - 
 Cabbage Brassica oleracea HR + - - 
 Cauliflower Brassica oleracea HR - - - 
 Brussls sprout Brassica oleracea  HR - - - 
 Mustard Brassica nigra HR - - - 
 Shepherd's purse
w
 Capsella bursa-pastoris HR + + - 
 Field Pennycress
w
 Thlaspi arvense HR -   
Chenopodiaceae Beet Beta vulgaris HR -   
 Spinach Spinacia oleracea HR + - - 
 Swiss-chard Beta vulgaris var. cicla HR + + - 
 Lamb's quarter
w
 Chenopodium album HR + - - 
Cucurbitaceae Butternut squash Cucurbita moschata XC type
y
 + + + 
 Watermelon Citrullus lanatus XC type + + + 
 Cucumber  Cucumis sativus XC type + + + 
 Zucchini Cucurbita pepo XC type + + + 
 Honeydew Cucumis melo XC type + + + 
 Gourd Lagenaria siceraria XC type + + + 
 Squash Cucurbita maxima XC type + + + 
 Muskmelon Cucumis melo XC type + + + 
 Pumpkin Cucurbita pepo XC type + + + 
 Squash cucurbita 
argyrosperma 
XC type + + + 
 Cantaloupe Cucumis melo XC type + + + 
 Carving Pumpkin Cucurbita maxima XC type + + + 
 Acorn squash Cucurbita pepo XC type + + + 
 Pumpkin Cucurbita pepo XC type + + + 
 Burcucumber
w
 Sicyos angulatus XC type + + - 
Gramineae Corn Zea maize NS
z
 - - - 
 Wheat Triticum sp. NS - - - 
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Table 4.1.  Continued. 
   
 
Reisolation
v 
Family Common name Scientific name Symptom 
Day 
7 
Day 
15 
Day 
20 
 Barley Hordeum sp. NS - - - 
 Oat Avenae sp. HR - - - 
Leguminosae Bean  Phaseolus vulgaris HR + + - 
 Snow Pea Pisum sativus HR + + - 
Liliaceae Onion Allium cepa NS + + - 
 Chives
y
 Allium schoenoprasum NS - - - 
Malvaceae  Velvet-leaf
w
 Abutilon theophrasti HR - - - 
Purtulaceae Purslane
w
 Portulaca oleracea sativa HR - - - 
Solanaceae Eggplant Solanum melongena HR + - - 
 Pepper Capsicum baccatum HR + + - 
 Tomato Solanum lycopersicum HR + + - 
 Black nightshade
w
  Solanum nigrum HR + + - 
 Eastern Black 
Nightshade
w
 
Solanum ptycanthum HR + - - 
Umbelliferae Celery Apium graveolens NS - - - 
  Carrot Daucus carota NS - - - 
v 
Days after inoculation that X. cucurbitae was isolated from inoculated tissues.
 
w 
Weed species. 
x 
Hypersensitive reaction in inoculated leave against X. cucurbitae.  
y 
Characteristic symptoms of bacterial spot, including water-soaked chlorotic and necrotic lesions 
developed on inoculated tissue with X. cucurbitae. 
z 
NS=no symptoms developed on inoculated plants.  
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Table 4.2. Susceptibility of USDA
v
 accessions of pumpkin and squash (Cucurbita pepo) to 
Xanthomonas cucurbitae in greenhouse.  
Accessions 
Accession 
number
w 
Country of origin 
Disease 
severity(%)
w
  
Swan White Table Queen 601193 United States 1.7 a
x 
Belyje 13 615147 Russia 1.44 ab 
Sote 38 615148 Moldova 1.42 a-c 
Calabaza mayera 615117 Mexico 1.4 a-c 
Mandan 615153 United States 1.33 a-d 
Salad Melon Special 192941 China 1.2 a-f 
Baskirskaja 245 615144 Russia 1.17 a-e 
Spaghetti squash 615119 United States 1.16 a-f 
Uncle Herman Pumpkin 615110 United States 1.11 b-g 
Connecticut Sweet Pie Pumpkin 615090 United States 1.08 b-h 
Amish Field Pie Pumpkin 615088 United States 1.02 b-i 
Zikusa 615116 United States 1 b-j 
Skiz 179268 Turkey 0.98 b-l 
Madhasana 482590 Zimbabwe 0.96 b-k 
- 506441 Moldova 0.96 b-k 
Kahcona 615098 United States 0.94 b-l 
Omaha Pumpkin 302418 United States 0.94 b-l 
Trailing Green Marrow 615109 United Kingdom 0.92 b-l 
Japanese Pie Pumpkin 615097 United States 0.92 b-l 
Austrian Bush 615089 United States 0.91 b-l 
French White Bush 615094 United States 0.91 b-l 
Golden Bush Scallop 615114 United States 0.91 b-l 
Kolsus 344357 Turkey 0.88 c-m 
Gleisdorfer Olkurbis 615133 Austria 0.88 c-n 
Dolmalik 177372 Turkey 0.83 d-o 
Ukrainskaja Mnogoplodnaja 615145 Ukraine 0.82 d-p 
Little Gem 490275 United Kingdom 0.81 d-q 
Indatlan Feher 531316 Hungary 0.8 b-t 
Long White Bush 234615 South Africa 0.8 d-p 
Prostate 615104 United States 0.79 d-r 
Hokore 482591 Zimbabwe 0.77 d-s 
Little Chicago Miniature Pumpkin 615152 United States 0.77 e-q 
7000 615154 Nepal 0.76 e-u 
Lebanon 615100 United States 0.73 e-t 
Gem 615095 Australia 0.73 e-s 
Tarahumara Indian 615107 United States 0.73 e-s 
 
 
 81 
 
Table 4.2. Continued. 
Accessions Accession numberw Country of origin 
Disease 
severity(%)
w
  
Daki 802 531315 Hungary 0.71 e-s 
Howden
y -  0.71 e-s 
Luc 615146 Ukraine 0.69 e-t 
Nyakaruswanga 482593 Zimbabwe 0.69 e-t 
Kestane 174184 Turkey 0.69 e-t 
Tender and True Marrow 615108 United States 0.66 e-v 
Jewel Green 508465 Korea, South 0.63 e-w 
King of the Mammoths 615099 United States 0.62 f-x 
Eskanderani 525181 Egypt 0.62 f-x 
Little Gem 234614 South Africa 0.59 g-x 
White Egyptian Zucchini 615112 United States 0.58 g-x 
Golden Zucchini 508468 Korea, South 0.57 e-2a 
Calabaza india 512189 Mexico 0.55 h-y 
Ve Csesi Indas 531319 Hungary 0.55 g-z 
Giessener Buscholkurbis 266925 Germany 0.51 h-y 
Long Green Bush 234616 South Africa 0.51 h-y 
Gribovskie 37 506466 Russian  0.51 h-y 
Gleisdorfer Olkurbis 615133 Austria 0.51 h-z 
Zucchini 508469 Korea, South 0.5 h-2b 
Gribovskaja 14 364240 Russia 0.48 g-2c 
Little Gem 442791 South Africa 0.46 j-2 
GC 60 282487 United States 0.45 k-a 
Rolet 442792 South Africa 0.44 k-2a 
White Acorn 615111 United States 0.44 i-2d 
Confederate gold 180768 United States 0.43 k-2a 
Fordhook 615093 United States 0.41 k-2c 
TJK 2006:132 28296 Tajikistan 0.4 l-2d 
Hokore 482592 Zimbabwe 0.4 l-2d 
Little Gem 232072 South Africa 0.4 l-2d 
Carabassa llarga 537555 Spain 0.34 m-2d 
HSR 1878 595364 United States 0.33 n-2d 
Hua Yeh 418966 China 0.31 o-2d 
Acir 175714 Turkey 0.25 q-d 
Yellow Round 274787 India 0.25 o-2d 
Royal Knight 600771 United States 0.24 p-2e 
Buff Pie 267757 United States 0.21 q-e 
Butterball 490278 United States 0.2 r-2d 
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Table 4.2. Continued.  
Accessions Accession numberw Country of origin 
Disease 
severity(%)
w
  
Daki 802 531315 Hungary 6.36 e-s 
Luc 615146 Ukraine 7.23 e-t 
Nyakaruswanga 482593 Zimbabwe 7.06 e-t 
Kestane 174184 Turkey 6.42 e-t 
Tender and True Marrow 615108 United States 10.62 e-v 
Jewel Green 508465 Korea, South 5.08 e-w 
King of the Mammoths 615099 United States 5.60 f-x 
Eskanderani 525181 Egypt 5.37 f-x 
Little Gem 234614 South Africa 4.67 g-x 
White Egyptian Zucchini 615112 United States 4.96 g-x 
Golden Zucchini 508468 Korea, South 6.65 e-2a 
Calabaza india 512189 Mexico 4.32 h-y 
Ve Csesi Indas 531319 Hungary 4.59 g-z 
Giessener Buscholkurbis 266925 Germany 4.14 h-y 
Gribovskaja 14 364240 Russia 4.09 g-2d 
Little Gem 442791 South Africa 3.73 k-2b 
GC 60 282487 United States 4.08 k-2b 
Rolet 442792 South Africa 3.62 k-2a 
White Acorn 615111 United States 3.66 i-2d 
Confederate gold 180768 United States 4.73 k-2a 
Fordhook 615093 United States 12.78 k-2c 
TJK 2006:132 28296 Tajikistan 3.38 l-2c 
Hokore 482592 Zimbabwe 3.38 l-2c 
Little Gem 232072 South Africa 3.27 l-2c 
Carabassa llarga 537555 Spain 3.79 m2d 
HSR 1878 595364 United States 2.86 n-2d 
Hua Yeh 418966 China 2.68 o-2d 
Acir 175714 Turkey 2.63 q-2d 
Yellow Round 274787 India 1.98 o-2d 
Royal Knight 600771 United States 1.98 p-2d 
Buff Pie 267757 United States 2.65 q-2e 
Butterball 490278 United States 2.13 r-2d 
Joko Japones 518689 Bolivia 2.22 r-2d 
Yemeklik 174179 Turkey 2.80 q-2e 
Round Zucchini 615105 United States 2.74 s-2e 
Goldilocks 600995 United States 2.26 r-2e 
Precoce Maraichere 261780 France 2.45 t-2e 
Yellow Scallop 615115 United States 1.98 v-2e 
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Table 4.2. Continued. 
Accessions Accession numberw Country of origin 
Disease 
severity(%)
w
  
Bushkin 601144 United States 0.08 s-2e 
Bulam House 508467 Korea, South 0.08 x-2e 
Naked Seed 615102 United States 0.05 w-2e 
Black Magic 599994 United States 0.02 y-2e 
Allie 597784 United States -0.02 y-2e
z 
Table king 98075 United States -0.04 z-2e 
Courgette 490274 United Kingdom -0.1 2a-e 
Rutgers golden acorn 98131 United States -0.11 2a-e 
Ambassador  385969 Kenya -0.16 2c-e 
Little Boo 104548 United States -0.19 2de 
White Bush Squash 292014 Israel -0.35 2e 
V
 United State Department of Agriculture (USDA). 
W
 Log transformed LS-means of the average of disease severity (%) on 12 leaves (four plants each with 
three inoculated leaves). Plants were inoculated with 10
8
 CFU/ml X. cucurbitae. 
x 
Log transformed LS-means were analyzed using PROC MIXED with macro pdmix800. In each column, 
values with a letter in common are not significantly (P = 0.05) different. 
y ‘Howden’ is a commercially grown pumpkin cultivar and susceptible to X. cucurbitae. 
z Negative numbers were generated in log-transformation for values that were  less than 1%. 
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Table 4.3. Susceptibility of commercial pumpkin cultivars and USDA
x
 accessions of pumpkin 
and squash to Xanthomonas cucurbitae in the field in Illinois in 2012. 
Cultivar/accession
y
  Seed source 
Disease severity(%) 
on leaves 
Pumpkin-Magic Wand Seedway 3.99 a
z 
Pumpkin-Charmed  Seedway 3.92 a 
Pumpkin-Mustang PMR Seedway 3.90 a 
Pumpkin-20 Karat Gold  Ruppseed 3.89 a 
Pumpkin-Champion  Seedway 3.86 a 
Pumpkin-Gold Challenger Ruppseed 3.69 ab 
Pumpkin-Phantom Seedway 3.64 a-c 
Pumpkin-Howden Ruppseed 3.61 a-c 
Squash-Rutgers Golden Acorn (98131) USDA 3.32 a-d 
Pumpkin-Prizewinner  Ruppseed 3.22 a-e 
Pumpkin- Camaro Seedway 3.13 a-e 
Pumpkin-Connecticut Seedway 3.10 a-e 
Squash-Bulam House (508467) USDA 3.08 a-e 
Pumpkin-Little Boo (104548) USDAz 3.02 a-e 
Pumpkin-Magical Seedway 3.01 a-e 
Pumpkin-Autumn King  Ruppseed 2.98 a-e 
Pumpkin-Allie (597784) USDA 2.79 b-f 
Squash-Yellow Round (274787) USDA 2.60 c-f 
Squash-Table King (98075) USDA 2.41 d-f 
Squash-White Bush (292014)  USDA 2.38 d-f 
Squash-Ambassador (385969)  USDA 2.33 d-f 
Pumpkin- Solid Gold Ruppseed 2.31 d-f 
pumpkin-Pepita Gruesa Seedway 2.27 d-f 
Pumpkin-Conestoga Giant Seedway 2.24 e-f 
Squash-Bushkin (601144) USDA 2.16 f 
Pumpkin-Dill's Atlantic Giant
  Ruppseed 2.14 f 
x
 USDA=United States Department of Agriculture.  
y
 All of the cultivars belongs to the species Cucurbita pepo, except cultivars ‘Dills Atlantic Giant’ and 
Conestoga Giant‘ which are Cucurbita maxima, and ‘Pepita Gruesa’ which is Cucurbita mixta. 
z  
Root-squared transformed LS-means of the disease severity (%) of the leaves were analyzed using 
PROC MIXED with macro pdmix800. In each column, values with a letter in common are not 
significantly (P = 0.05) different according to Fisher’s protected least significant difference (LSD) at P 
= 0.05. 
. 
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FIGURES 
 
 
Figure 4.1. Lesions caused by of Xanthomonas cucurbitae on leaves of pumpkin (cultivar 
Howden). A, water-soaked lesions on the upper surface of a leaf; B, a magnified (5x) lesion on 
upper surface of a leaf showing a beige center with yellow halo; C, a magnified (5x) lesion on 
the lower surface a leaf showing a brown necrotic tissues.  
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Figure 4.2. Lesions caused by of Xanthomonas cucurbitae on leaves of cucumber (cultivar 
Cobra). A, gray translucent necrotic lesions on upper surface of a leaf; B, a magnified (5x) 
necrotic translucent lesions on the upper surface of a leaf; C, a magnified (5x) gray necrotic 
lesion on the lower surface of the leaf.  
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Figure 4.3. Lesions caused by of Xanthomonas cucurbitae on leaves of watermelon (cultivar 
Triumph). A, gray translucent necrotic lesions on the upper surface of  a leaf; B, a magnified (5x) 
lesion on the upper surface of  a leaf which has necrotic gray center surrounded by brown 
tissues; C, a magnified (5x) lesion on the lower surface of a leaf which has gray necrotic center 
with brown halo. 
. 
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Figure 4.4. Lesions caused by of Xanthomonas cucurbitae on leaves of gourd (cultivar Speckled 
Swan) leaves. A, brown necrotic lesions on upper surface of  a leaf; B, magnified (10x) lesions 
on the upper surface showing large brown necrotic center surrounded by water-soaked, yellow 
tissues; C, magnified (10x) lesions on the lower surface of a leaf showing dark brown necrotic 
centers with dark water-soaked halo. 
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Figure 4.5. Chlorotic lesions with gray necrotic centers caused by Xanthomonas cucurbitae on 
inoculated cucumber (cultivar Cobra) fruit.  
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Figure 4.6. Hypersensitive reaction on leaves of tomato (cultivar Roma Determinate) inoculated 
with Xanthomonas cucurbitae.  
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CHAPTER 5 
PUMPKIN SEED TRANSMISSION OF XANTHOMONAS CUCURBITAE 
 
ABSTRACT 
 
This study was conducted to assess transmission of Xanthomonas cucurbitae in pumpkin seed. 
Twenty nine pumpkin seed lots were tested for presence of X. cucurbitae, which included 17 lots 
from commercial pumpkin fields in Illinois, three lots from pumpkin research plots at the 
University of Illinois Vegetable Research Farm in Champaign, Illinois, and nine lots from three 
seed companies from the United States, but outside Illinois. Each seed lot was from one pumpkin 
cultivar, and 3,000 seeds from each lot were tested. In each test, 600 seeds were added to a flask 
containing 500 ml of 0.75% NaCl solution with 0.02% Tween 20, the flask was shaken at 120 
rpm on a shaker for 12 hr at 5°C. The resulting seed-wash was centrifuged at16,000 g for 5 
minutes. The pellet was suspended in 1 ml sterilized buffer (0.15 M NaCl, 0.01 M EDTA with 
pH 8.0). Dilution of 10
-2
, 10
-3
, and 10
-4
 of the suspension were prepared, and100 µl from each 
dilution was streaked onto kasugamycin-cephalexin agar in each Petri plate. Xanthomonad-like 
yellow colonies were subcultured on Luria-Bertani agar medium in Petri plates and single cell 
colonies were prepared. Bacterial isolates were identified as X. cucurbitae based on the 
morphological characteristics on yeast extract-dextrose agar (yellow and mucoid colonies); 
biochemical and physiological characteristics (Gram negative, oxidase negative, catalase 
positive, oxidative and non-fermentative); and producing a 1.4 kb amplicon in PCR test using 
RST2 and RST3 primers. Pathogenicity testing of the bacterial isolates was conducted on 
pumpkin cultivar Howden in a greenhouse. X. cucurbitae was detected in nine of 17 seed lots 
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from commercial fields, all three lots from research plots, and none of the seed lots provided by 
seed companies. In another study, seeds from three lots with X. cucurbitae were tested to 
determine whether the pathogen is carried on or in the seed. From each lot, 4,000 seeds were 
surface disinfested using NaClO solution. Each time, 500 seeds were added to a 1,000 ml flask 
containing 500 ml of 0.5% NaClO solution and shaken by hand. Seeds were treated in NaClO 
solution for1, 3 or 5 min. Non-surface-disinfested seeds (control seeds) were soaked in sterilized 
distilled water (SDW) for 1, 3, or 5 min. Treated seeds were dried and their shells were separated 
from kernels under a laminar flow hood. The kernels and shells were tested for presence of X. 
cucurbitae using the method described for whole seeds. X. cucurbitae was detected in kernels of 
all seed samples that were treated in NaClO and sterilized distilled water (SDW), while the 
pathogen was isolated from shells of seeds that were treated in NaClO for 1 min and seeds 
treated in SDW. Transmission of X. cucurbitae from naturally-infected seeds to seedlings was 
studied in a greenhouse. Six hundred forty seeds from each of three seed lots, with X. cucurbitae, 
were planted in plastic trays (12x40x60 cm) (40seeds per tray), and trays were placed in a 
greenhouse at 24 to 28°C. Seven to ten days after planting seeds, leaf lesions were observed on 
the cotyledons leaves and X. cucurbitae was isolated from the in affected tissues.  
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MATERIALS AND METHODS 
 
Seed sources 
Pumpkin seeds were collected from three different sources: (i) 17 commercial pumpkin fields in 
Illinois; (ii) plots of three pumpkin research trials at the University of Illinois Vegetable 
Research Farm (Veg Farm) in Champaign, IL; and (iii) three commercial seed companies (Table 
5.1). During 2010, 17 commercial pumpkin fields were surveyed in Illinois. Ten fruit with 
bacterial spot were collected from each field. In 2012, pumpkin fruit with bacterial spot were 
collected from non-chemical treated plots of three research trials. In 2013, nine pumpkin seed 
lots were obtained from three seed companies. 
 
Seed harvest from pumpkin fruit 
Collected fruit from commercial pumpkin fields and experimental plots were cut on a clean 
bench top and seeds of fruit from each field were harvested separately. Collected seeds were 
placed in a 2 mm diameter steel sieve and washed under a running tap water to remove extra fruit 
tissues around the seeds. Seeds were air-dried for 2 days on sterile paper towels. Dried seeds 
were stored in paper envelopes at 4°C until they were processed.  
 
Isolation of X. cucurbitae from whole seed 
A washing saline solution (WSS) was prepared by adding 7.5 g of NaCl and 200 µl of Tween 20 
to 1000 ml distilled water and then sterilized by autoclaving at 121°C for 20min (ISTA, 2012; 
Saettler et al., 1995; Schaad et al., 2001). Three thousand seeds (~ 500 g) from each lot were 
tested for presence of X. cucurbitae. In each test, 600 seeds were added to a flask containing 500 
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ml of WSS and were shaken on a rotary shaker (Fisher Scientific Co., Clinical Rotator 14-251-
200) at 120 rpm for 12 hours in the dark at 4°C. Wash suspension was filtered through sterile 
cheesecloth and rinsed with 50 ml of sterilized distilled water (SDW). One hundred ml of 
collected suspension was centrifuged at 2,000 g(Model: ICE, Centra, CL2, International 
Equipment Co. Needham HTS, MA) in 50 ml tubes for 3 minutes to separate plant debris from 
the wash suspension. Supernatant was collected and centrifuged at 16,000 g for 5 min. The pellet 
was dissolved in buffer (0.15 M NaCl, 0.01 M EDTA, pH 8.0) (Schaad et al. 2001). Serial 
dilutions of 10
-2
, 10
-3
 10
-4
 were prepared from the suspension and 100 µl of the solution was 
spread on semi-selective kasugamycin-cephalexin (KC)-agar medium in 100 mm Petri plates 
(Babadoost and Ravanlou, 2012). Then suspension of each dilution was cultured on 10 plates. 
Petri plates were incubated in the dark at 24±1°C for 3-5 days. Xanthomonad-like yellow 
colonies were subcultured on Luria Bertani (LB) agar medium for the identification process of X. 
cucurbitae.   
 
Isolation of X. cucurbitae from kernels and shells 
Three seed lots of pumpkin cultivar Howden that had been proven to have infected seeds with X. 
cucurbitae were tested to determine the location of the bacteria in the seed tissues. A total of 
4,000 seeds from each lot were tested. In each test, 500 seeds were surface disinfested by 
soaking the seeds in 500 ml of 0.5% NaClO solution in a flask and shaking gently by hand for 1, 
3, and 5 min, followed by rinsing three times with SDW. The seeds were spread on sterile 
cheesecloth and air-dried for 12 hr under a laminar flow hood. Non-surface-disinfested seeds 
were soaked in sterilized distilled water (SDW) and included as a control. Seed shells were 
separated from kernels in a laminar flow hood and stored at 4°C in the dark until further testing. 
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For each NaClO-treated time, 1,000 seeds from each lot were tested. Shells and kernels were 
washed separately in WSS. Each time, shells and kernel of 500 seeds were added to1,000 ml 
flasks containing 500 ml of WSS and shaken on a rotary shaker (Fisher Scientific co., Clinical 
Rotator 14-251-200) at 4°C for 12 hr. The seed wash was processed for isolation of X. 
cucurbitae as previously described. 
 
Seedling infection by seedborne inoculum 
Three seed lots that had been collected from severely infected fruits of pumpkin cultivar 
Howden, and proven to have infected seed with X. cucurbitae, were tested to determine seedling 
infection by seedborne inoculum. Six hundred forty seeds from each seed lot were sown in 
plastic trays (40 seeds per tray of 12x40x60cm) containing a mixture of soil:peat:perlite 
(1:2:1).The trays were placed in a greenhouse at 24-28°C and watered three times a day. 
Development of the bacterial lesions was recorded daily until 21 days after seedling emergence. 
Isolation of bacteria from developed lesions was carried out on KC agar medium in Petri plates 
(Pruvost et al., 2008). Petri plates were incubated in the dark at 24±1°C up to 5 days and 
Xanthomonad-like yellow colonies were subcultured on LB agar medium for identification. 
 
Identification of collected bacterial isolates 
Cultural test. Bacterial isolates were tested first for Gram reaction using 3% KOH (Schaad et 
al., 2001). Isolates with Gram-negative reaction were streaked onto yeast-extract-dextrose-
calcium-carbonate agar (YDC) medium (containing 10 g yeast extract, 20 g dextrose, 20g 
calcium carbonate, and 15 g agar in 1,000 ml distilled water) in Petri plates. The plates were 
incubated in the dark at 24 ± 1°C (Mohammadi, et al., 2001; Schaad et al., 2001).  
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Polymerase Chain Reaction (PCR) test. Isolates with Xanthomonad-like yellow colonies, 
mucoid and dumbed morphology on YDC medium were selected for PCR test.  Primers RST2 
(5'AGGCCCTGGAAGGTGCCCTGG A3') and RST3 
(5'ATCGCACTGCGTACCGCGCGCGA3') were used for amplification (Schaad et al., 2001). 
PCR testing was conducted using a thermal cycler machine (Model PCT-200, MJ Research Inc., 
Waltham, MA).The 25µl reaction volume contained 12.5 µl Gotaq Green Master Mix 2x 
(Promega Corporation, Madison, WI), 1 µl of each primer, 10 µl of nuclease-free water, and 0.5 
µl of bacterial suspension (10
9 
CFU/ml) (Meng et al., 2004; Zhao et al., 2002) . ATCCstrain 
23378 of X. cucurbitae was included as reference strain. PCR cycling conditioning were initial 
denaturation at 95°C for 10 min; 32 cycles of denaturing at 95°C for 40 sec, annealing at 59°C 
for 40 sec, and extension at 72 °C for 1 min; followed by a final extension step at 72°C for 10 
min.The PCR product was run in 1% agarose gel containing ethidium bromide at 100 volts for 
30min, and visualized under UV light.  
 
Pathogenicity test of X. cucurbitae isolates. X. cucurbitae isolates that were positively 
identified by culturing and PCR tests were selected to determine their pathogenicity on pumpkin 
cultivar Howden in a greenhouse. Selected isolates were cultured on LB agar medium in Petri 
plates and the plates were incubated in the dark at 24 ± 1°C for 3 days. Bacterial inoculum was 
prepared by washing 3-day old bacterial colonies with SDW into a beaker. Density of the 
bacterial suspension was adjusted to 10
8
 CFU/ml using a spectrophotometer at OD 600 (OD=0.5 
at 600 nm). Plants were inoculated at 2- to 4-leaf growth stage. Using a 10-ml syringe, 0.5 ml of 
bacterial suspension was infiltrated into the abaxial side of the leaf through five injections to 
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each leaf. ATCC strain 23378 of X. cucurbitae was inoculated as a positive control. For each 
isolate, three plants were treated, and on each plant three leaves were inoculated. Inoculated 
plants were maintained in a greenhouse at 24-28°C. During 3 weeks of inoculation, development 
of water soaked and necrotic lesions were recorded. Symptomatic tissues were processed for 
isolation of X. cucurbitae, and the recovered isolates were identified as previously described 
(Barak et al., 2001; Schaad et al., 2001).  
 
RESULTS 
 
Isolation of X. cucurbitae from whole seed 
X. cucurbitae was isolated from nine of 17seed lots collected from commercial fields and three 
seed lots from experimental plots at the Vegetable Research Farm (Veg Farm).X. cucurbitae was 
not detected in the seed lots obtained from commercial seed companies (Table 5.1). 
 
Isolation of X. cucurbitae from kernels and shells 
X. cucurbitae was isolated from the kernels of five of nine seed samples, including two, two and 
one seed samples which were surface disinfested with NaClO for 1, 3, and 5 min, respectively. 
X. cucurbitae was isolated from shells of only one seed sample treated in NaClO for 1 min. X. 
cucurbitae was isolated from kernels and shells of all non-NaClO treated seed samples(Table 
5.2). 
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Seedling infection by seedborne inoculum 
Water-soaked necrotic lesions with a yellow halo developed on the cotyledons of plants grown 
from seeds of all three lots (Figure 5.1).X. cucurbitae was isolated from the lesions on cotyledons 
on KC agar medium and identification of X. cucurbitae was confirmed. 
 
Identification of X. cucurbitae 
Isolated bacteria were identified as X. cucurbitae when they were Gram negative; produced 
yellow and mucoid colonies on YDC medium; were oxidative positive, fermentative negative, 
urease negative; reduced nitrate; hydrolyzed esculin and starch; produced levan from sucrose; 
produced H2S from cysteine; and hydrolyzed casein in skim milk with alkaline reaction.  Further 
confirmation of X. cucurbitae was indicated by generation of 1.4 kb amplicons with primers 
RST2 and RST3, similar to ATCC strain 23378 of X. cucurbitae, in the PCR test. Also, 
confirmation of the isolates as X. cucurbitae was indicated by the development of water-soaked 
necrotic lesions with a yellow halo in the inoculated leaves of pumpkin cultivar Howden.  
 
DISCUSSION 
 
X. cucurbitae was isolated from the seed samples harvested from the commercial pumpkin fields 
and University of Illinois Vegetable Research Farm. In addition, the results proved that X. 
cucurbitae can be transmitted from the naturally infected seed to the seedling. These data 
indicate that X. cucurbitae is a seedborne pathogen. Thus the results of this study agree with 
those reported by Williams and Zitter (1996) that X. cucurbitae is a seedborne pathogen.  
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In this study, X. cucurbitae was isolated from the kernel of the naturally infected seeds. The 
results indicated that X. cucurbitae penetrates internal tissues of the seeds. Thus, management of 
the pathogen would need effective seed treatment (e.g. hot water) to eradicate the pathogen in the 
seed, as has been practiced for eradication of X. campestris in Brassica seeds (Berg et al., 2005; 
Carisse et al., 2000; Lopes et al, 2008: Mtui et al., 2010; Nega et al., 2003; Sahin and Miller, 
1997).   
 
This study showed that 53% of the seed lots collected from commercial pumpkin fields had 
infected seed with X. cucurbitae. Also, the greenhouse experiment showed that X. cucurbitae 
moves from infected seeds to seedlings. Thus, saving seeds by growers from their own pumpkin 
fields, and planting them in following season could result in plant infection by X. cucurbitae. 
However, further studies may show that seeds saved from uninfected fruit, even in the fields with 
some infected fruit, are X. cucurbitae-free. Additional studies are needed to determine the period 
of survival and variability of X. cucurbitae in the seed. 
 
X. cucurbitae was not detected in any of the seed lots from commercial seed companies. The 
results indicated that seeds from certified fields are free of X. cucurbitae. However, only nine 
seed lots, and from only three companies, were tested in this study. Testing additional seed lots 
produced in different location may result in discovery of X. cucurbitae in the seeds. 
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TABLES AND FIGURES 
 
Table 5.1.Pumpkin seed lots tested for presence of Xanthomonas cucurbitae. 
Seed 
lot  No 
Seed                                    
source
w
 Cultivar
 y
 Year  
Presence of 
X .cucurbitae
z
 
1 Calhoun  Magic Lantern 2010 - 
2 Champaign-1 Howden 2010 + 
3 Champaign-2 Magic Lantern 2010 - 
4 DeKalb Magic Lantern 2010 - 
5 Douglas Magic Lantern 2010 + 
6 Henry Spartan 2010 + 
7 Jackson Magic Lantern 2010 - 
8 Jersey Magic Lantern 2010 + 
9 Kankakee-1 Magic Lantern 2010 - 
10 Kankakee-2 Magic Lantern 2010 - 
11 Marshal Magic Lantern 2010 + 
12 McLean Spartan 2010 - 
13 Moultrie Magic Lantern 2010 + 
14 Putnam-1 Magic Lantern 2010 + 
15 Putnam-2 Ironman 2010 + 
16 Sangamon Magic Lantern 2010 - 
17 Wayne  Magic Lantern 2010 + 
18 Veg Farm -Champaign-1 Howden 2012 + 
19 Veg Farm -Champaign-2 Howden 2012 + 
20 Veg Farm -Champaign-3 Howden 2012 + 
21 Seed Co.-1 Magic Lantern 2013 - 
22 Seed Co.-1 Gladiator 2013 - 
23 Seed Co.-1  Mystic Plus 2013 - 
24 Seed Co.-1  Alladin 2013 - 
25 Seed Co.-2  Baby Kim 2013 - 
26 Seed Co.-3 Pik-A-Pie 2013 - 
27 Seed Co.-3 Gold Strike 2013 - 
28 Seed Co.-3 Howden 2013 - 
29 Seed Co.-3 Gold Rush 2013 - 
w
Seed lots 1-17 were collected from commercial fields in the listed counties in Illinois; lots 18-
20 were collected from research plots at the University of Illinois Vegetable Research Farm in 
Champaign, IL; and lots 21-29 were obtained from three seed companies in the United States.  
 
y
Cultivars of jack-o-lantern pumpkins.  
 
z
+ = X. cucurbitae was isolated from the seed sample; - = X. cucurbitae was not detected in the 
seed sample. A total of 3,000 seeds were tested from each seed lot. 
 103 
 
Table 5.2. Kernels and shells of pumpkin seed lots tested for  
presence of Xanthomonas cucurbitae. 
Seed lot
x
      
No SD time
y
 
    Presence of X. cucurbitae
z
 
Kernel Shell 
18 - + + 
18 1 - - 
18 3 - - 
18 5 - - 
19 - + + 
19 1 + + 
19 3 + - 
19 5 + - 
20 - + + 
20 1 + - 
20 3 - - 
20 5 + - 
x
Seeds were collected from pumpkin fruit infected with  
X. cucurbitae inthe research plots at the University  
of Illinois Vegetable Research Farm in Champaign, IL. 
 
y
Seeds were surface-disinfested by soaking 600 seeds in 500 ml 
of 0.05% NaClO solution for 1, 3, and 5 min.- indicates  
non-surface-disinfested seeds. 
 
z
+ = X. cucurbitae was isolated from the seed sample;  
   - = X. cucurbitae was not detected in the seed sample.  
   A total of 4,000 seeds were tested from each seed lot.  
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FIGURES 
 
 
Figure 5.1. Water-soaked lesions on cotyledon leaves of seedling of pumpkin cultivar Howden 
grown from seed with Xanthomonas cucurbitae. 
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